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ABSTRACT 


NUMBER 5 


The thermal-equilibrium relationships in the system CaAl,Si,0s—Ca,Al,Si0;,-NaAlSiO, have been experi- 
mentally investigated by the quenching method. The data are tabulated, and the results are presented in 
equilibrium diagrams. Complex solid solutions in all the crystalline phases render the system nonternary 
throughout, and courses of crystallization must be viewed in terms of the quaternary system of the four 
component oxides. The composition of gehlenite mix-crystals obtained in this investigation is best expressed 


INTRODUCTION 

This investigation is concerned with 
the thermal-equilibrium relationships, 
at atmospheric pressure, of the three 
silicates, CaAl,Si,Og, Ca,ALSiO,, and 
NaAlSiO,. These compounds are the 
principal ‘‘molecules” of the natural 
minerals, anorthite, gehlenite, and neph- 
eline, respectively. Anorthite, as an end- 
member of the plagioclase feldspars, is 
of prime importance in igneous rocks. 
Nepheline, a feldspathoid, is the most 
characteristic mineral of the alkaline ig- 
neous rocks, while melilites, of which 
gehlenite is an end-member, are also 
feldspathoids that are present in alka- 
line rocks which are rich in lime. Nephe- 
line and melilite are found associated in 
some igneous rocks, and gehlenite also 
occurs as a metamorphic mineral. 

The only compound involved in this 
study that exhibits polymorphism is 
NaAlSiO,; but carnegieite, the high- 
temperature modification, has never 
been found in nature. In addition to the 


by assuming solid solution with a hitherto unknown “molecule,” of the composition CaO- 2Al,0,. 
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compounds mentioned, the substance 
B- alumina was encountered and is of 
petrologic interest, inasmuch as corun- 
dum is a typical accessory mineral of the 
alkaline syenites. 

The system constitutes a portion of a 
plane within the quaternary system 
soda-lime-alumina-silica. This quater- 
nary system is of major importance in 
the physicochemical aspects of igneous 
petrology, as the constituent oxides form 
more than 80 per cent of the average 
oxide composition of igneous rocks. The 
relation of the system studied to the 
general quaternary system is shown in 
Figure 1. The system anorthite-geh- 
lenite-nepheline forms one face of a sub- 
sidiary tetrahedron anorthite-gehlenite- 
wollastonite-nepheline within the quater- 
nary system; and the plane anorthite- 
nepheline-wollastonite is common to a 
second subsidiary tetrahedron, anor- 
thite-nepheline-wollastonite-albite.* 

Forty-six mixtures were prepared and 
subjected to thermal study. Three of 
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these compositions were in the plane of 
anorthite-gehlenite-nepheline + 10 per 
cent wollastonite, being used to locate 
the position of the boundary between the 
fields of anorthite, melilite, and nephe- 
line as it passes through this plane of 
1o per cent CaSiO, in the subsidiary 
tetrahedron. In addition, five mixtures 


coo 


MULL 


measured with a_ platinum-platinum 
go rhodium to thermoelement, cali- 
brated at the melting-points of lithium 
metasilicate (1,201°C.) and diopside 
(1,391.5° C.). The results of quenching 
runs were examined microscopically to 
determine the nature of the phases pres- 
ent at equilibrium. The significant data 


| Sysio: 


Fic. 1.—The soda-lime-alumina-silica tetrahedron. The shaded area indicates the position of the system 
anorthite-gehlenite-nepheline within the tetrahedron. Other internal systems that have been investigated 
are shown by full lines joining the composition points. The plane nepheline-gehlenite-wollastonite plus 10 
per cent anorthite has also been investigated (unpublished data of H. S. Yoder). The compounds that have 
been prepared synthetically are shown as ©; those that occur in nature but that have not been synthesized 


are shown thus: ®. 


The abbreviations signify: A V, anorthite; GEH, gehlenite; NV, nepheline; WO, wollastonite; AB, albite; 
JA, jadeite; SM, sodium metasilicate; S/LL, sillimanite; MULL, mullite; LAR, larnite; GR, grossularite; 


QTZ, quartz; COR, corundum. 


prepared and examined by H. S. Yoder" 
that fall in the plane AN-GEH-NE are 
incorporated with the results here pre- 
sented. 

The mixtures were studied as to ther- 
mal behavior by means of the quenching 
method developed in the Geophysical 
Laboratory of the Carnegie Institution 
of Washington. Temperatures were 


‘Unpublished data on the system nepheline- 
gehlenite-wollastonite plus ro per cent anorthite. 


are presented in Tables 1 and 2, and from 
these data the equilibrium diagram has 
been prepared. 
PROPERTIES OF THE CRYSTALLINE PHASES 
CaAl,Si,0 
Pure CaAl,Si,Og has but one modi- 


fication—anorthite—which melts. at 


2E. S. Shepherd, G. A. Rankin, and F. E. 
Wright, “The Binary Systems of Alumina with 
Silica, Lime, and Magnesia,” Amer. Jour. Sci., Vol. 
XXVIII (4th ser., 1909), p. 308. 
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1,552°C. It is triclinic, with a= 
1.5755, B= 1.5832, and y= 1.5885. 
Crystals obtained in quenching runs are 
commonly platy, with oro showing the 
strongest development. Albite twinning 
is common. The crystals encountered in 
this investigation are plagioclase, of a 
composition not far from pure anorthite, 
as shown by maximum index values ap- 
proaching 1.588. 


Ca,Al,SiO, 


Artificial gehlenite also melts con- 
gruently, at a temperature of 1,590° C.3 
It is tetragonal, as tabular or short pris- 
matic crystals. Its indices of refraction 
are w = 1.669 and € = 1.658. The meli- 
lites encountered in this study were gen- 
erally tabular, thus showing positive 
elongation on a negative crystal. Globu- 
lar to shapeless forms were also en- 
countered, particularly in compositions 
close to a boundary curve. The indices 
of melilites forming in this system were 
significantly lower than those of pure 
gehlenite. Although the indices were ac- 
curately determined in but several runs, 
values as low as w= 1.651 and ¢’ = 
1.641 were encountered. This will be 
discussed in more detail in a later section 
concerned with substances in solid solu- 
tion. 

NaAlSiO, 

Carnegieite, the high-temperature 
modification of NaAlSiO,, exists in three 
forms, all of which are known only from 
synthetic melts. The highest-tempera- 
ture form, which is isometric, melts at 
1,526° C.4 and inverts to a triclinic form 

3 E. F. Osborn and J. F. Schairer, ‘““The Ternary 
System, Pseudo-wollastonite-Akermanite-Gehlen- 
ite,’ Amer. Jour. Sci., Vol. CCXXXTX (1941), p. 


719. 


4N.L. Bowen, “The Binary System: Na2Al,Si,0 
(Nephelite, Carnegieite)—-CaAl,Si,0s (Anorthite),” 
Amer. Jour. Sci., Vol. XX XIII (4th ser., rg12), pp. 
554 ff. 
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at 690° C.5 A second inversion, accom- 
panied by a marked change in birefrin- 
gence, occurs at 226.5°C. The indices 
of refraction of the low-temperature form 
are given by Bowen® as a = 1.514, B= 
1.514, Y = 1.509. Carnegieite usually oc- 
curs in globular masses, showing no ex- 
ternal crystal form and, typically, has 
intricate polysynthetic twinning that 
forms as a result of inversion. 

Pure artificial nepheline inverts to 
carnegieite at a temperature of 1,254 + 
5° C.7 Bowen* found that anorthite, 
which may go into solid solution with 
nephelite to the extent of 35 per cent, 
raises the inversion temperature 100° C., 
while albite in solid solution brings about 
a rise of 30° at its maximum concentra- 
tion.’ Smalley, in investigating the sys- 
tem NaAlSiO,-Ca,Al,SiO,, found an in- 
version range extending from about 50° 
above, to 100° below, the normal inver- 
sion point.'? However, the nonbinary 
nature of the system precluded making 
any assured statement as to the exact 
nature of the solid solution. 

Nepheline is hexagonal and crystal- 
lizes from melts as prismatic crystals 
with basal pinacoid. The indices as de- 
termined by Bowen on the pure synthetic 
material are € = 1.533 and w= 1.537." 
He found that the indices of the limiting 
anorthite-nepheline solid solution are 

5 N. L. Bowen and J. W. Greig, “The Crystalline 
Modifications of NaAlSiO,,” Amer. Jour. Sci., Vol. 
X (5th ser., 1925), pp. 208-10. 

®P. 564 of ftn. 4. 

7J. W. Greig and Tom. F. W. Barth, “The 
System Na,O- 2SiO, (Nephelite, Carnegieite)— 
Na,O- Al,O,- 6SiO, (Albite),”’ Amer. Jour. Sci., Vol. 
XXXV-+A (sth ser., 1938) p. 108. 

8 P. 571 of ftn. 4. 

9P. 109 of ftn. 7. 

™ Robert G. Smalley, “The System NaAlSiO,- 
Ca,AL,SiO,,”’ Jour. Geol., Vol. LV, No. 1 (January, 
1947), p. 28. 


™ P, 566 of ftn. 4. 
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€ = 1.539, w = 1.537, while solid solu- 
tion of albite in nepheline has been found 
to lower the indices of the latter some- 
what.” Unusually high indices were 
noted by Smalley in nephelines crystal- 
lizing from the system NaAlSiO,- 
Ca,Al,SiO,, values as high as 1.552 being 
reached in crystals from melts having 
35 per cent gehlenite."’ The present study 
indicates that the solid solution respon- 
sible for this rise remains effective upon 
addition of CaAlL,Si,Os, as values of w = 
1.548 and € > 1.548 were obtained from 
runs at a composition of approximately 
35 per cent nepheline, 20 per cent 
gehlenite, and 45 per cent anorthite. 


B-Al1.0; 


The 6-Al,O, here encountered occurs 
in thin hexagonal plates, exhibiting high 
relief and high birefringence when viewed 
on edge. Parallel extinction and positive 
elongation are shown, the sign of elonga- 
tion coupled with the platy habit indicat- 
ing that the crystals are optically nega- 
tive. No indices were determined, but 
G. A. Rankin and H. E. Merwin gave 
the values w= 1.677 + .oo3 and «= 
1.635-1.650 for the B-Al,O, found in 
preparations thought to be pure alumi- 
na."4 Rankin and Merwin determined the 
melting-point as 2,050° + 20°C. 

The exact relations of B—AL,O, to the 
other known forms of Al,O, are not com- 
pletely understood. The indices are con- 
siderably lower than those of corundum, 
and chemical and X-ray analyses indi- 
cate that soda is present in the structure. 
On the basis of X-ray work the formula 


27 W.R. Foster, “The System NaAlSi;0s—CaSiO,- 
NaAlSiO,,” Jour. Geol., Vol. L (1942), p. 157. 


13 P, 28 of ftn. 10. 


™ “The Ternary System CaO-Al,0;-MgO,” 
Jour. Amer. Chem. Soc., Vol. XXXVIII (1916), 
pp. 566-88. 


Na,O 11Al,O, was proposed by C.'A. 
Beevers and M. A. S. Ross,’ whereas 
W. L. Bragg, C. Gottfried, and J. West 
had somewhat earlier determined it as 
3 Na,O 113Al,0,." 

Recent work at the Geophysical Labo- 
ratory of the Carnegie Institution of 
Washington has shown that 6-AI,O, is 
converted to corundum when held at 
elevated temperatures for long periods,” 
indicating that B-Al,O, is metastable. 
The melting-point as determined by 
Rankin and Merwin is almost exactly 
that of pure a—Al,O,, so it is likely that 
their crystals had undergone the conver- 
sion to corundum before melting. It is 
possible that B-Al,O, is an example of 
a “stuffed lattice,” in which Na atoms 
assume random interstitial positions in 
the network. Certain soda-bearing tridy- 
mites have been interpreted in this way 
by M. J. Buerger."* This explanation 
would account for the disagreements of 
different investigators, as it does not re- 
quire any fixed ratio of soda to alumina. 
It is also consistent with the findings of 
the Geophysical Laboratory, as the Na 
atoms, given sufficient time, might tend 
to be “‘squeezed out” of the structure. 


PREVIOUS INVESTIGATIONS 
THE SYSTEM 

The system CaAl,Si,0;—NaAlSiO, was 
investigated by Bowen,’? and his equi- 
librium diagram is shown in Figure 2, 
with modifications based on work of 


“The Crystal Structure of Zeitschr. 
f. Kryst. u. Min., Vol. XCVII (1937), pp. 59-66. 


© “The Structure of B—Al.0;,” Zeitschr. f. Kryst. 


u. Min., Vol. LXXVII (1931), pp. 255-74. 


17J. F. Schairer and N. L. Bowen, “Melting 
Relations in the Systems Na,O-Al,0,-SiO, and 
K,0-Al,0;-SiO,,”’ Amer. Jour. Sci., Vol. CCXLV 
(April, 1947) pp. 193-204. 

18 Science, Vol. XCV (1942), pp. 20-21. 


19 Pp. 551-73 of ftn. 4. 
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J. F. Schairer”® and of W. K. Gummer.” 
This system exhibits partial solid solu- 
tion between the two end-members, com- 
plicated by the carnegieite-nepheline in- 
version. It was, in fact, the first-found 
example in silicates of the combined 


‘phenomena of solid solution and enanti- 


otropism theoretically proposed by Roo- 
zeboom. The eutectic was placed at 
46 per cent anorthite by Bowen and at 
a temperature of 1,304° C. The inversion 
takes place at 1,352°C., a rise of 104° 


tem Schai- 
rer” found 6-Al,O, in mixtures adjacent 
to the nepheline-anorthite join; and, on 
preparing mixtures along that join, he 
also found a considerable range in which 
B-Al,0, is the primary phase. This work 
was somewhat amplified by Gummer,” 
who determined the extent of the field 
of B-Al,O, in the system CaSiO,- 
CaAl,Si,Os;-NaAlSiO,. The liquidus for 
B-Al,O, has not been definitely estab- 
lished as yet, but its outline, based on 
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Fic. 2.—Equilibrium diagram for the system CaAl,Si,Os-NaAlSiO, (after Bowen, with modifications 


after work by Schairer and Gummer). 


above the inversion in pure NaAlSiO,, as 
a result of the solid solution of anorthite 
in nepheline to the extent of 35 weight 
per cent. Carnegieite takes but approxi- 
mately 5 per cent anorthite in solid solu- 
tion. 

Bowen encountered “alumina” in some 
of his mixtures and accounted for it by 
soda volatilization at the high tempera- 
tures required for fusion of the glasses. 
This actually occurs but is only part of 
the story. The 8-form was at that time 
unknown, but, in investigating the sys- 

20 Unpublished data. 

21“The System 
Jour. Geol., Vol. LI, No. 8 (November—-December, 
1943), pp. 508-9. 


the evidence on hand, is shown by a 
dashed line on the diagram. 

This intrusion of a field of B—AL,O, up- 
sets the binary nature of the system. 
The field of nepheline plus liquid is actu- 
ally a field of B-Al,O,, nepheline, and 
liquid; and much of the field of anorthite 
plus liquid, as determined by Bowen, is 
also a ternary field of B—Al1,O,, anorthite, 
and liquid. The subliquidus extent of the 
field of B—Al,O, has not been determined, 
but Gummer’s work indicates that it is 
present in several mixtures at 1,200° C. 


22 Unpublished data. 


23 Pp. 508-9 of ftn. 21. 
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THE SYSTEM NaAlSiO,-Ca.Al.SiO, 

The equilibrium diagram of this sys- 
tem is presented in Figure 3, as deter- 
mined by Smalley.?4 The unusual] nature 
of this system merits some discussion, 
which is here presented largely as taken 
from Smalley’s work. In his words: 
“Even a casual inspection of the equi- 
librium diagram will suffice to show that 
this is not a true binary system.” 
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system. The inversion relations are fur- 
ther complicated by the unique occur- 
rence, near the pseudoeutectic, of nephe- 
line in equilibrium with liquid at higher 
temperatures than is carnegieite. 

In several fields of this system three 
phases occur in equilibrium, and in one’ 
field four phases are present. Considera- 
tion of the phase rule, P + F = C +1, 
as applied to systems in which the vapor 
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Fic. 3.—Equilibrium diagram for the system NaAlSiO,-Ca.AL,SiO; (after Smalley) 


Variations in optical properties of all 
three of the crystalline phases are indica- 
tive of solid solutions; that the solid so- 
lutions cannot be expressed in terms of 
the end-members is obvious from the 
diagram. The lack of a binary eutectic, 
of simple solidus curves and the persist- 
ence of the liquid phase down to the 
lowest temperatures of observation, as 
well as the previously mentioned large 
temperature range of inversion on both 
sides of the pseudoeutectic composition, 
all attest to the nonbinary nature of the 


24 Pp. 27-37 of ftn. 10. 25 P, 31 of ftn. to. 


phase is negligible, indicates that in a 
binary system a maximum of three 
phases can coexist in equilibrium, and 
then only at a fixed temperature. Thus 
the existence of four phases within a tem- 
perature composition range requires 
four components—the four constituent 
oxides. The join NaAISiO,-Ca,ALSiO, is 
therefore quaternary in nature, and the 
composition of the phases cannot be rep- 
resented in the plane of the diagram but 
must be viewed in terms of the parent- 
tetrahedron. 

The junction of the liquidus curves is 


: 
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at 64 per cent NaAlSiO, at a temperature 
of 1,287° C. This pseudoeutectic is actu- 
ally divariant, representing the trace of 
the boundary line between the fields of 
nepheline solid solution and melilite in 
the quaternary system. The junction of 
the carnegieite liquidus with the nephe- 
line liquidus occurs at 67 per cent 
NaAlSiO, and at 1,297°C. Just as the 
pseudoeutectic is not invariant, so these 
liquidus curves are not univariant but 


used in constructing the equilibrium dia- 
gram of Figure 4. The system shows none 
of the complications of the preceding 
limiting systems. The eutectic is at 51.7 
per cent anorthite and at a temperature 
of 1,387° + 2°C. 


THE THERMAL DATA 


The thermal data necessary for es- 
tablishing the equilibrium relationships 
in the system CaAl,Si,Os—Ca,Al,Si0O,— 
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Fic. 4.—Equilibrium diagram for the binary system CaAl,Si,Os-Ca,Al,SiO; (after Rankin and Wright, as 


revised by E. F. Osborn). 


trivariant, and the curves do not give 
the compositions of the liquids in equi- 
librium with the solid phases at the vari- 
ous temperatures. 


THE BINARY SYSTEM CaAl,Si,0s—Ca,Al,SiO,; 

The binary system CaAl,Si,Os- 
Ca,ALSiO, was first investigated by 
G. A. Rankin and F. E. Wright in their 
work on the system CaO-Al,O,-SiO,.” 
The binary join has been revised by 
E. F. Osborn,?? and his data are here 

%“The Ternary System of CaO-Al,0;-SiO.,”’ 
Amer. Jour. Sci., Vol. XXXIX (4th ser., 1915), 
pp. I-79. 


NaAlSiO, are presented in Table 1, and 
the diagrams based on these results are 
shown in Figures 6 and 7. In Figure 6 
are shown the isotherms at 50° intervals, 
while in Figure 7 the isotherms have 
been omitted, the stability fields have 
been labeled, and arrows have been in- 
serted to indicate the directions of falling 
temperature. Figure 5 is a composition— 
refractive index*® diagram of the homo- 
geneous glasses prepared in this plane. 


27 Unpublished data. 


28 Sodium-vapor light was used for all refractive 
index measurements in this study. 
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NONTERNARY NATURE OF THE SYSTEM 


The system is not a true ternary sys- 
tem; indeed, it is quaternary throughout, 
since a field of basic plagioclase is present 
rather than one of anorthite, a field of 
melilite instead of gehlenite, and carne- 
gieite and nepheline also form solid solu- 
tions that cannot be expressed in terms 
of the three end-members. The field of 
B-Al,O,; encroaches upon the system as 
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THE LIQUIDUS RELATIONS 


The five fields of the primary phases 
are, in order of decreasing size, melilite, 
plagioclase, nepheline solid solutions, 
carnegieite solid solutions, and 6-alumi- 
na. The configuration of the fusion sur- 
faces can be ascertained from the iso- 
therms of Figure 6. The carnegieite 
surface dips rather sharply into the ad- 
joining fusion surface of nepheline, which 


Coal, 


Co, S10, 
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Fic. 5.—Composition—-refractive-index diagram for the glass mixtures 


an extension of the quaternary field of 
alumina originating at the Al,O, corner 
of the tetrahedron. The system is thus 
quite complex, the composition of any 
liquid upon crystallization does not re- 
main in the plane defined by the three 
end-members; courses of crystallization 
can be discussed only in terms of the 
parent-soda-lime-alumina-silica system. 
A more complete discussion as to the 
nonternary behavior of mixtures in this 
plane will be presented in a following sec- 
tion on courses of crystallization. 


is relatively flat. The surfaces of melilite 
and plagioclase are convex and slope 
toward the center of the system. The 
fusion surface of B-Al,O, is but ten- 
tatively indicated, owing to the some- 
what uncertain data on the liquidus re- 
lations along the 
join. 

A maximum is present on the bound- 
ary curve between the fields of melilite 
and nepheline solid solutions. This maxi- 
mum, the position of which is indicated 
by the curvature of the 1,300° C. iso- 
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Fic. 6.—Equilibrium diagram for the system CaAl,Si,Os-Ca,AL,SiO,;-NaAlISiO,, with isotherms 
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Fic. 7.—Equilibrium diagram for the system CaAl,Si,0s-Ca,ALSiO,-NaAlSiO,, with isotherms omitted 
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TABLE 1 
THERMAL DATA FOR THE SYSTEM CaAl,Si,Os-Ca,Al,SiO;-NaAlSiO, 


Weicut Per Cent 
TEMPERA- 


TURE Conpition 
C.) 


TIME 
(MINUTES) 


CaALSiOs | Ca. ALSiO; NaAlSiO, 


| 


Primary-Phase Melilite 


1299 All glass 
1295 Glass, rare MEL 


1296 All glass 
1292 Glass, MEL 


1278 All glass 
1274 Glass, NE, rare MEL 


1288 All glass 
1284 Glass, NE, rare MEL 


1328 All glass 
1324 Glass, MEL, rare AN 


1352 All glass 
1348 Glass, MEL 


1399 All glass 
1395 Glass, MEL 


1407 All glass 
1403 Glass, rare MEL 


1293 All glass 

1289 Glass, MEL 

1259 Glass, MEL, NE 
1242 Glass, MEL, NE, / 


1293 All glass 

1289 Glass, MEL 

1259 Glass, MEL, rare 
1255 Glass, MEL, AN, 


1319 All glass 

1315 Glass, MEL 

1259 Glass, MEL 

1255 Glass, MEL, NE, AN 


16 1491 All glass 
“5 1486 Glass, MEL 


Primary-Phase Anorthite 


1469 All glass 
1465 Glass and AN 


1269 All glass 

1267 Glass, rare AN 

1264 Glass, AN, MEL 
1260 Glass, AN, MEL, NE 


| 
cl 
|? | 

| | 

| [3° 
36 32 32 a 
| (30 AN 
| 
38 32 | AN 
| A} 
be NE 
3° 
35 365 283 
30 
$$$ $$ 
30 
39-7 28.1 32.2 
30 

39° 


TABLE 1—Continued 


Wetcut Per Cent 


CaALSi.Os | 


Ca,ALSiO; | NaAlSiO, 


(MINUTES) 


Time 


TEMPERA- 
TURE 


Finat ConpITION 


Primary-Phase Anort 


hite—Continued 


45 


45 


46 


43 


20 


38.1 


32 


35 


40 


36.7 


28.6 


oz. 


{30 
\30 | 
f30 | 
\30 | 


1306 
1302 
1259 
1251 


1302 
1298 
1288 
1280 


1376 
1372 


1283 
1279 
1275 
1271 
1250 
1242 


1328 
1324 


1298 
1294 
1289 
1285 


1352 
1348 
1422 
1416 


1449 
1445 


All glass 

Glass, rare AN 

Glass, AN, NE 
Glass, AN, NE, MEL 


All glass 
Glass, rare AN 
Glass, AN 
Glass, AN, NE 


All glass 
Glass, rare 8-Al,O,, AN 


All glass 
Glass, rare AN 

Glass, AN 

Glass, AN, NE 
Glass, AN, NE 
Glass, AN, NE, MEL 


All glass 
Glass, MEL, rare AN 


All glass 

Glass, very rare AN 
Glass, AN 

Glass, AN, rare MEL 


All glass 
Glass, AN 


All glass 
Glass, AN 


All glass 
Glass, AN 


2 
153 


33.1 


24 


42.4 


43 


32 


9-9 


I2 


On 
wie 


38.4 


45 


47-7 


45 


1295 
1291 
1287 


1278 
1274 


1288 
1284 


1302 
1298 


1297 
1293 


All glass 
Glass, NE 
Glass, NE, MEL 


All glass 
Glass, NE, rare MEL 


All glass 
Glass, NE, rare MEL 


All glass 
Glass, NE 


All glass 
Glass, NE 


| 
| 
30 
30 
| 
30 | 
= 15 = a 
| 30 | 
| 
{30 
| | | (30 | 
as | 2-8 MM | 
| | (30 | 
| 
| | 15-9 | \3e | 
| | | 
| | | 
{20 | 
| | (30 
61.8 | 16.6 | m6 | P| 
| | | | 
Primary-Phase Nepheline 
= = 30 
(30 
| 
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TABLE 1—Continued 


Wercut Per Cent 


CaAlSisOs | Ca.Al,SiO, | NaAlSiO, 


Time TEMPERA- 
(MINUTEs) Pc) 


Primary-Phase Nepheline —Continued 


J30 1329 All glass 
35-6 4-4 6o \30 1325 Glass, NE 
(30 1319 All glass 
39.8 4-4 55.8 = 1315 Glass, NE 
(30 1298 Glass, NE, rare B-Al.O, 
, f30 1306 All glass 
a id 28.4 66.4 \30 1302 Glass, NE-CG 
: 30 1273 All glass 
30 1269 Glass, NE 
40 22.6 37-4 30 1265 Glass, NE, AN 
30 1250 Glass, NE, AN 
30 1246 Some glass, NE, AN, MEL 
oe 30 1304 All glass 
27 55-6 1302 Glass, rare NE 
1306 All glass 
29-7 - 59-3 \30 1302 Glass, extremely rare NE 
| 30 1269 All glass 
30 1267 Glass, rare NE 
393 273 333 130 1263 Glass, NE, MEL 
(30 1259 Glass, NE, MEL, rare AN 
S30 1327 All glass 
14.8 60.1 \30 1323 Glass, 
Primary-Phase Carnegieite 
1357 All glass 
23.6 72-3 (30 1353 Glass, CG 
[30 1358 All glass 
4-4 70-5 \30 1354 Glass, CG 
1306: All glass 
ted 28.4 66.4 \30 1302 Glass, NE-CG 
{30 1406 All glass 
= 6.6 78.3 \30 1402 Glass, abundant CG 
Primary-Phase 8-Al,0; 
1338 Glass, very rare B-Al,O, 
4-4 \30 1342 All glass 
30 1323 All glass 
8 30 1319 Glass, rare 6-Al,O, 
45 7 4 30 1297 Glass, sparse 6-Al,O, 
30 1280 Glass, NE, AN 


| 
| 
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TABLE 1—Continued 


Welcut Per Cent 


— FINAL CONDITION 
CaAlSizOs | Ca:AlLSiO,; | NaAlSiO, rc 
Primary-Phase 
| {30 1302 Glass, rare 
45 ” | 45 \30 1306 All glass 
| | 
{30 1306 All glass 
45 | 43 \30 1302 Glass, rare B-Al,0; 
(30 1393 All glass 
60 5 | 35 30 1389 Glass, rare 8—Al,O, 
30 1384 Glass, 8-Al,0, 
\30 1376 Glass, B-Al,0,, AN 
{30 1294 All glass 
43-9 13.6 42.5 {30 1292 Glass, very rare B-Al,O,; 
(30 1288 Glass, NE, AN, 
| | 
8 [30 1376 All glass 
57 35 | 1372 Glass, rare 6-Al.O;, AN 
| 
[30 1322 All glass 
53-4 | \30 1318 Glass, rare 8-Al,O, 
YODER’S POINTS (UNPUBLISHED) 
Weicut Per Cent 
Liquipus TEMPERATURE 
CaALSi.Os Ca.Al.SiO, NaAlSiO, 
Primary-Phase Nepheline 
10 | 33-3 56.7 1288° (checked), MEL at 1286° 
10 28.8 61.2 1298° redetermined at 1302° 
10 | 24.3 65.7 1314° 
Primary-Phase Carnegieite 
| 
10 21.6 68.4 1331 
10 18.9 1348° 
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therms in the two fields, is not very pro- 
nounced; it is but 3° higher than the 
temperature of the pseudoeutectic on 
the limiting NaAlSiO,-Ca,AL,SiO, join. 
In a truly ternary system there is a maxi- 
mum temperature on the boundary curve 
at the point where the line joining the 
composition of the two solid phases in 
equilibrium with a liquid intersects the 
boundary curve. This fact can some- 
times be used as an indication of the 
composition of the solid phases, but no 
such interpretation can be made in the 
present case. The compositions of the 
phases do not lie in the plane of the sys- 
tem, and the solid solutions cannot be 
treated in ternary fashion. It does not 
necessarily follow that a composition on 
the gehlenite-nepheline side of the maxi- 
mum will completely crystallize as some 
point “below” the maximum, i.e., in a 
direction away from anorthite, as it 
would if the maximum were present in 
the boundary curve of a ternary system. 

The junction of the fields of plagio- 
clase, melilite, and nepheline solid solu- 
tions is at a composition approximately 
393 per cent anorthite, 273 per cent 
gehlenite, and 33 per cent nepheline and 
at a temperature of 1,266° C. This point 
is not a ternary eutectic, as crystalliza- 
tion is not completed at the temperature 
indicated (1,266°), nor does this point 
represent the composition of the last 
residual liquid. It is merely the intersec- 
tion of the plane of the system with the 
univariant boundary curve between the 
quaternary fields of melilite, plagioclase, 
and nepheline solid solutions. 

The boundary curves are not curves of 
univariant equilibrium but are divariant; 
the change in composition of a liquid in 
the system that is undergoing crystalliza- 
tion is not along a boundary curve, as it 
is in a ternary system. The nepheline 
solid solution—carnegieite solid solution 
boundary curve is not an isotherm, as 
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the two extremities are not at the same 
temperature. Inversion from the high- to 
the low-temperature form begins at 
1,352 C. at the CaAl,Si,O;—NaAlSiO, 
join, and at 1,297° C. at the Ca,Al,SiO,- 
NaAlISiO, join, with intermediate tem- 
peratures along the boundary between 
the two. 


THE PLANE CaAl,Si,Os—Ca,Al,SiO,- 
NaAlSiO, PLUS 10 PER 
CENT CaSiO, 


To obtain more definite information 
on courses of crystallization, and, by so 
doing, to obtain some information as to 
the composition of the mix-crystals 
(with particular reference to the meli- 
lites) that form from melts in this sys- 
tem, it was deemed desirable to trace 
the course of the boundary curve be- 
tween the fields of plagioclase, melilite, 
and nepheline solid solutions within the 
quaternary system. As has been seen, 
the pseudoeutectic point marks the posi- 
tion and temperature of this curve as it 
passes through the plane of the system 
here studied. 

The technique used was to locate the 
pseudoeutectic (the point where plagio- 
clase, melilite, and nepheline solid solu- 
tions crystallize simultaneously) in some 
other plane of the tetrahedron. The plane 
of CaALSi,Os-Ca,Al,SiO,-NaAlSiO, plus 
10 per cent CaSiO, within the subsidiary 
tetrahedron anorthite-gehlenite-nephe- 
line-wollastonite was chosen as a con- 
venient one. Figure 8 represents the sub- 
sidiary tetrahedron, oriented as in Fig- 
ure 1 but removed from the parent- 
tetrahedron and enlarged for clarity. 
The dotted lines indicate the plane of 
10 per cent wollastonite. The location of 
the pseudoeutectic was determined in 
this plane with but three quenching 
runs, and the third composition that 
was made up fortunately corresponded 
exactly with the desired point on the 
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boundary curve. These data are given 

in Table 2. 

There have now been located two 
points on the univariant boundary curve 
in the quaternary system between the 
fields of plagioclase, melilite, and nephe- 
line solid solutions. The two four-phase 
points have the following parameters: 

1. Composition=393 per cent anorthite, 273 
per cent gehlenite, 33 per cent nepheline; 
temperature = 1266° C. 

2. Composition=35.7 per cent anorthite, 17.8 
per cent gehlenite, 36.5 per cent nepheline, 
Io per cent wollastonite; temperature= 
1248° C. 

If this curve were to be accurately de- 
termined, numerous points within the 
quaternary system would have to be lo- 
cated. It is here assumed that a straight 
line joining the two determined points 
represents the boundary curve. If this 
curve is to be used as a reference line, 
the temperature gradient along it must 
also be known; and again the assumption 
is made that a linear relationship holds, 
defined by the temperatures of the two 
measured points. That these assump- 
tions are not entirely correct can be 
shown by consideration of the system 
This 
system, which forms one face of the sub- 
sidiary tetrahedron as shown in Figure 8, 
is encroached upon by the field of meli- 
lite. Therefore, at the junction of the 
fields of melilite, plagioclase, and nephe- 
line solid solutions, there is located a 
third point on the quaternary boundary 
curve. Gummer’s diagram*° shows this 
point to be approximately 34 per cent 
anorthite, 38 per cent nepheline, and 28 
per cent wollastonite, and at a tempera- 
ture of 1,190° C. Consideration of the 
three points shows that the temperature 
drop along the boundary is not linear, 
and a projection of the compositions of 


29 See ftn. 21. 
3° P, 515 of ftn. 21. 
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the three indicates that the boundary is 
not straight. The departure from linear- 
ity between the values of o-28 per cent 
CaSiO, is not considerable, however, and 
errors introduced by assuming linear 
values between o and ro per cent CaSiO, 
are small enough to justify the assump- 
tions. The complications introduced by 
solid solutions bring up the possibility of 
a temperature maximum along the 


Fic. 8.—The subsidiary tetrahedron AN-GEH- 
NE-WO, showing (dotted lines) plane of 10 per 
cent WO. 


boundary curve, in which case any as- 
sumptions as to temperature gradient 
are, of course, nullified. It is not probable 
that such a situation exists, however, in 
the limited extent of the boundary under 
consideration. Thus knowledge of the 
temperature at which nepheline solid 
solution and plagioclase simultaneously 
crystallize fixes the composition of the 
liquid at a point on the boundary curve 
corresponding to this temperature. 


COURSES OF CRYSTALLIZATION 


The fact that the composition of the 
crystalline phases does not lie in the plane 
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of the system and, consequently, that the 
residual liquids resulting from crystalli- 
zation also leave this plane makes diffi- 
cult the tracing of courses of crystalliza- 
tion. If the compositions of the solid so- 
lutions were precisely known, the courses 
of crystallization viewed in three dimen- 
sions within the quaternary system could 
be precisely described. The present state 
of uncertainty as to the composition of 
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described by N. L. Bowen.*" In the pres- 
ent investigation the method used was 
to locate a composition in the melilite 
field from which plagioclase and nephe- 
line solid solutions simultaneously crys- 
tallized as secondary phases. The sig- 
nificance of the simultaneous crystalliza- 
tion of the secondary phases is that the 
crystallization of the primary phase, 
melilite, results in a liquid of changing 


TABLE 2 
THERMAL DATA FOR THE PLANE CaAl,Si,Os-Ca,Al,Si0,-NaAlSiO, + 10 PER CENT CaSiO, 


Weicut Per Cent ( 
°C.) ConpDITION 
CaALSi:Os | CasALSiO, | NaAlsiO, | CaSiO, | 
= f 
Primary-Phase Melilite \ 
— é 
30 1275 All glass € 
37% 215 303 10 30 1271 Glass, MEL 
30 1263 Glass, MEL, AN g 
Primary-Phase Anorthite 
37-2 | {30 1267 | All glass . 
\30 1263 | Glass, AN, very rare MEL r 
Simultaneous Phases Anorthite-Melilite-Nepheline a 
35-7 | [30 1250 All glass V 
| 17.8 | 36.5 a \30 1246 Glass, MEL, NE, sparse AN a 
I 
these solid solutions, with the possible composition (increasingly deficient in P 
exception of the plagioclase, makes this the melilite composition), the composi- . 
impossible. tion path of which directly hits the : 
The plagioclase-melilite-nepheline melilite-plagioclase-nepheline boundary 
boundary curve was located for the curve in the quaternary system. Thus the : 
purpose of obtaining data on the courses location of such a point in the field of F 
of crystallization and has been used in melilite, coupled with the observation ye 
the present work to locate what may be Of the temperature at which the plagio- 
called a “four-phase boundary” within clase and nepheline solid solution crystal- . 
re 
the quaternary field of melilite. The 
“The Crystallization of Haplobasaltic, Haplo- 
technique of locating three-phase bound- dioritic, and Related Magmas,”’ Amer. Jour. Sci., . 
aries in a ternary system has been Vol. XL (4thser., 1915), pp. 171-74. 
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lize, fixes two points on a crystallization 
path in the melilite field. As described 
above, the boundary curve has been 
located within the quaternary system, 
and the temperature of appearance*® of 
the secondary phases locates the point on 
the boundary curve that is “‘hit”’ by the 
crystallizing liquid. A line joining these 
two points must pass through the com- 
position of the crystals that have sepa- 
rated from the liquid. The above con- 
siderations are applicable in principle to 
the field of nepheline, although determi- 
nations in this field have not been carried 
out. 

Examination of Figure 6 shows three 
points near the pseudoeutectic in the 
field of melilite. These points, along 
with others to be subsequently discussed, 
are reproduced in Figure 9, which is an 
enlarged section of the equilibrium dia- 
gram. 

If the system were ternary, the final 
temperature of consolidation of these 
three compositions would be 1,266°, and 
at the composition of the eutectic. Runs 
made on point 1 (Fig. 9) did not show 
nepheline until approximately 1,260° C., 
and plagioclase appeared at approxi- 
mately 1,245° C. In point 2, plagioclase 
was present at approximately 1,260° C., 
and nepheline appeared at 1,255°C. 
Point 3 represents a composition in which 
plagioclase and nepheline solid solutions 
appear simultaneously and at a tempera- 
ture of 1,257°C. Thus the quaternary 
boundary curve is encountered at a tem- 
perature of 1,257° C. for this particular 
initial composition. It has been shown 
that this boundary curve passes through 
the plane of 10 per cent wollastonite at 
1,248° C. Assuming a linear temperature 
relationship, 1,257° C.is halfway between 


32 If devitrified mixtures are used, this tempera- 
ture is that of the simultaneous disappearance of 
the secondary phases. 
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the two reference temperatures of 1,248° 
and 1,266°C.; and thus the boundary 
curve is encountered at approximately 
the plane of 5 per cent wollastonite with- 
in the subsidiary tetrahedron A N-GEH- 
NE-WO. This point will be more fully 
discussed in the following section, but it 
can be seen from examination of Fig- 
ure 1 that this course of crystallization 
is roughly toward the SiO, corner of the 
main tetrahedron. 

If the nepheline solid solutions were 
ternary, point 4 of Figure 9 would also 


PLAG 


Fic. 9.—Enlarged portion of the equilibrium 
diagram for the system CaAl,Si,Os—-Ca,Al,Si0O,;- 
NaAlSiO,. 


consolidate at 1,266° C. Plagioclase ap- 
pears in runs on this point at 1,267° C., 
and melilite does not appear until the 
temperature has fallen to 1,248° C. Point 
5, in the plagioclase field, precipitates 
nepheline at 1,273°C. and melilite at 
approximately 1,246° C., whereas in point 
6 melilite appears at approximately 
1,255° C. The fact that melilite does not 
appear in runs made on points 5 and 6 
until temperatures well below that of the 
pseudoeutectic are reached is indicative 
of the rather strongly nonternary nature 
of the nepheline solid solutions. Even in 
compositions close to the pseudoeutectic, 
there is a considerable difference in tem- 
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perature between that of the pseudo- 
eutectic and that of appearance of the 
third crystalline phase, indicating that 
the composition of the liquid is well out 
of the plane of the system. 

No attempt has been made to follow 
courses of crystallization within the fields 
of B-Al,O, or carnegieite. In general, 
compositions within the field of B-Al,O, 
will follow a path away from the AI,.O, 
corner of the tetrahedron. 


THE SUBSTANCES IN SOLID SOLUTION 


With the exception of quartz, all rock- 
forming minerals are members of solid- 
solution series. Pure end-members of 
solid-solution series are rarely, if ever, 
found in nature; and it has been amply 
demonstrated that the pure end-mem- 
bers are never formed in synthetic melts 
when there are substances present with 
which they may form solid solutions. 
The nature of the substances in solid so- 
lution in the nepheline and carnegieite of 
this system is unsettled, but certain data 
here found tend to limit the possibilities 
at least with respect to nepheline. The 
“four-phase boundary” in the melilite 
field has, moreover, brought to light the 
probable existence of a hitherto un- 
known ‘“‘molecule”’ in solid solution with 
gehlenite. 

ANORTHITE 


It was earlier thought that relatively 
pure anorthite could form in melts con- 
taining nepheline, but it is now known 
that the pure end-members of the plagio- 
clase series cannot form in melts contain- 
ing both soda and lime. Although few 
optical data could be obtained on the 
feldspars because of their small size and 
platy habit, enough were obtained to 
indicate that an anorthite-rich plagio- 
clase rather than pure anorthite is 
formed. Crystals formed in a mix with 
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but little soda (approximately 6 per cent 
nepheline, 62 per cent anorthite, 32 per 
cent gehlenite) had a maximum index 
that very closely matched the glass at a 
value of nm = 1.588, indicating that virtu- 
ally pure anorthite is here formed. At a 
somewhat higher soda content (16 per 
cent nepheline, 46 per cent anorthite, 
38 per cent gehlenite), the maximum 
plagioclase index again matched the in- 
dex of the glass, at a value of 1.586. In 
two mixes near the plagioclase-nepheline 
boundary curve maximum values of 
n = 1.585 were observed, the nepheline 
content here reaching 37 per cent. The 
value of 1.585 for the lowest observed 
maximum plagioclase index indicates 
that the anorthite content probably does 
not drop below 95-96 per cent in this 
system. 

Extinction angles of 72° and 74° on 
two well-formed crystals were observed, 
as measured from the albite twinning 
lamellae to a. These crystals were those 
formed from melts with the 37 per cent 
nepheline content. Reference to standard 
tables indicates an anorthite content of 
approximately 98 per cent, as against 
95-96 per cent on the basis of index of 
refraction. No discrepancy exists, how- 
ever, as recent work has shown that 
plagioclases formed at high temperatures 
do not have the same composition—ex- 
tinction-angle relation as do the low- 
temperature plagioclases, for which 
standard tables have been compiled.** +4 
Plagioclases formed at high temperatures 
show an apparently greater anorthite 
content on the basis of extinction angle, 
as is here evident. 

33 A. Kohler, “Die Abhingigkeit der Plagio- 
klasoptik vom vergangenen Warmeverhalten,” Min. 
u. petrog. Mitt., Vol. LIII (1942), pp. 159-79. 

34See bibliography in paper by Christoffer 
Oftedahl, “High Temperature Optics in Plagio- 
clases of the Oslo Region,” Norsk. geol. Tids., Vol. 
XXIV (1944), pp. 75-78. 
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B-ALUMINA 


The probable composition of B-Al,O, 
has been discussed. 


NEPHELINE 


Several substances are known to enter 
into solid solution with nepheline in con- 
siderable amount. A complete series of 
solid solutions between KalSiO, and 
NaAlSiO, exists,** but potash compounds 
are excluded in this study. Experimental 
work has shown that 35 per cent each of 
albite*® and anorthite*’ are taken into 
solid solution. The plagioclases are suf- 
ficient to account for the excess silica, as 
well as the calcium that is found in nat- 
ural nephelines; but A. N. Winchell** has 
suggested that the molecule CaAlAlO, 
may also play a part in the composition. 

The high indices found by Smalley in 
his work on the system NaAlSiO,- 
Ca,ALSiO,*® are considerably above 
those brought about by solid solution of 
anorthite in nepheline. The inversion re- 
lations of nepheline and carnegieite were 
also such that anorthite could not be 
considered as the material entirely re- 
sponsible. In the present study no nega- 
tive nephelines were observed; those 
formed from melts closest to the field of 
carnegieite (at approximately 60 per cent 
nepheline) were sensibly isotropic, those 
precipitated from all other melts poorer 
in the nepheline molecule were positive, 
becoming more strongly birefringent as 
the NaAISiO, content of the liquid de- 
creased. The nepheline indices, as in 

35 N. L. Bowen, “The Sodium-Potassium Nephe- 
lites,” Amer. Jour. Sci., Vol. XLIII (4th ser., 1917), 
pp. 115-32. 

36 P. 106 of ftn. 7. 

37 P. 563 of ftn. 4. 

38 Elements of Optical Mineralogy, Part II (3d 
ed.; New York: John Wiley & Sons, Inc., 1933), p. 
297. 


39 See fin. 10. 
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Smalley’s system, increase with increas- 
ing Ca,ALSiO, content of the melt. 
Isotropic crystals with m = 1.540 were 
observed in the mixture at 5 per cent 
Ca,ALSiO,, 60 per cent NaAlSiO,, 35 per 
cent CaAl,Si,Os; and values of w= 
1.548, € > 1.548, were observed in 
crystals near the plagioclase-nepheline 
boundary curve at a value of roughly 20 
per cent Ca,Al,SiO,. 

It was noted that, in mixtures from 
which nepheline crystallized as a pri- 
mary or secondary phase and melilite as 
the tertiary phase, the temperature of 
appearance of the melilite was consider- 
ably below that of the pseudoeutectic. 
The interpretation was that the quater- 
nary boundary curve between the fields 
of melilite, plagioclase, and nepheline 
solid solutions was reached in the direc- 
tion of falling temperature. That is, the 
temperature along this boundary falls in 
the direction of the direction of the 
anorthite-nepheline-wollastonite face of 
the subsidiary tetrahedron, and the com- 
position of the liquid must change in this 
direction upon crystallization of nephe- 
line solid solutions. Thus plagioclase can- 
not be the sole substance in solid solution 
in the nephelines of this system. In addi- 
tion, anorthite or any substance near 
anorthite in composition would not ac- 
count for the strong nonternary tendency 
that is shown in the nepheline solid solu- 
tions; the plagioclase compositions lie 
nearly in the same plane as that of this 
system; anorthite, of course, lies in the 
plane. 

It thus appears that at least part of 
the material entering into solid solution 
with nepheline lies on that side of the 
system that is toward the Al,O, corner of 
the main tetrahedron. Sodium or calcium 
aluminates would fulfil this requirement. 
The CaAlAlO, molecule proposed by 
Winchell might well be a substance en- 
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tering into solid solution with nepheline 
in this system. It is also known that 
Na,Al,0, forms a solid-solution series 
with carnegieite,*? and it is not unlikely 
that it can also form solid solutions with 
nepheline. The establishment of “four- 
phase boundaries”’ in the field of nephe- 
line might shed more light on the exact 
nature of the solid solutions. 

At first sight it appears peculiar that 
no evidence of CaAlAlO, and/or 
Na,Al,O, is found in naturally occurring 
nephelines. An excess of SiO, is usually 
present, and the above compounds would 
make for undersilicated nepheline. The 
system studied is deficient in silica, how- 
ever, as compared to natural magmas, 
and it is likely that in magmas the silica 
content is always sufficient so that feld- 
spar forms solid solutions with nepheline 
rather than the aluminates. It is more 
probable, however, that at the high tem- 
peratures of this work, probably higher 
than those of magmas, solid solutions 
form that are not found in nature. 


CARNEGIEITE 


This investigation has produced no 
new evidence as to the nature of the 
carnegieite solid solutions. Smalley* has 
observed a marked index rise and inver- 
sion lowering in the system NaAlSiO,-— 
Ca,ALSiO,. Inversion lowering is very 
unusual in silicates, as it requires a 
greater amount of solid solution in the 
high-temperature form than in the low- 
temperature form of an enantiotropic 
pair. However, as the carnegieite solid 
solutions undoubtedly present a problem 
very similar to that of the nepheline mix- 
crystals, the situation is perhaps not too 
obscure. Here anorthite is unquestion- 
ably out of consideration as the respon- 

4° Unpublished work of J. F. Schairer and N. L. 
Bowen. 


4" See ftn. 10. 
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sible agent, as it is taken up by car- 
negieite only to the extent of 5 per cent, 
whereas nepheline will take 35 per cent.” 
C. E. Tilley** found that Na,SiO, entered 
into carnegieite solid solutions to the ex- 
tent of 24 per cent but not at all into 
nepheline. The changes in birefringence 
and index rise were not consistent with 
those found by Smalley, however, and it 
is unlikely that Na,SiO, plays a part in 
this system. Smalley found that the 
trend of the solid solutions was to in- 
crease in concentration with increase in 
the Ca,ALSiO, content of the mixture 
and suggested that the sodium aluminate 
(Na,AlL,O,) was responsible; the decrease 
in silica brought about by the addition 
of gehlenite would account for the trend 
rather than the addition of lime, with 
formation of a lime-bearing solid solu- 
tion. This view is in line with the discus- 
sion of the nepheline solid solutions, and, 
in addition, it may be that the CaAlAlO, 
molecule is also present in the mix- 
crystals. 


GEHLENITE 


The indices of the melilites that crys- 
tallize in this system are significantly 
lower than those of pure gehlenite. 
Gehlenite has indices of w = 1.669 and 
¢ = 1.658. The melilite formed from a 
mixture of composition anorthite 16 per 
cent, gehlenite 67 per cent, and nephe- 
line 17 per cent had indices of w = 1.665, 
e’ = 1.656; and in a composition of 
anorthite 38 per cent, gehlenite 32 per 
cent, and nepheline 30 per cent the 
indices were w= 1.656, «’ = 1.645; at 
anorthite 5 per cent, gehlenite 37 per 
cent, and nepheline 58 per cent, w= 
1.651, €' = 1.641. A progressive decrease 


42 P. 563 of ftn. 4. 

4“The Ternary System 
NaAlSiO, ” Min. u. petrog. Mitt., Vol. XLIII (1933), 
Pp. 414. 
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in index with increasing soda content is 
thus observed, a decrease that was also 
found by Smalley to exist in the limiting 
Ca,ALSiO,-NaAlSiO, system. No de- 
crease in birefringence was observed. 
The natural melilites have complex 
solid-solution relations, and this com- 
plexity has elicited considerable discus- 
sion. A complete series of solid solu- 
tions exists between Ca,ALSiO, and 
Ca,MgSi,O, (akermanite); but for pur- 
poses of this discussion the magnesia- 
bearing varieties, as well as the iron 
melilites, will be neglected. In 1924, 
A. N. Winchell** took up the melilite 
problem from the viewpoint of volume 
isomorphism and largely discredited the 
sarcolite molecules which had been pro- 
posed earlier by W. T. Schaller and 
partially verified by A. F. Buddington.” 
Winchell pointed out the essential R,O, 
character of the melilites and proposed 
the molecules Na,Si,O, and Ca,Si,O, as 
theoretically capable of entering the 
gehlenite structure. In addition, the pos- 
sibility of the presence of several sodium- 
aluminum silicates and a calcium-alumi- 
num silicate was considered. Berman‘ in 
1929 reviewed the problem and modified 
Winchell’s fundamental R,O, to X,Y,0,. 
He also changed Winchell’s Ca,Si,O, to 
CaSi,O,. The melilite molecules, as seen 
by Berman (omitting akermanite) are 
shown in the accompanying tabulation. 


Ca,ALSiO, 
Soda melilite.............Na,Si,O; 
CaSi,O,; 


44“The Composition of Mellilite,”’ Amer. Jour. 
Sci., Vol. VIII (5th ser., 1922), pp. 375-87. 

45 “Mineralogic Notes,” Ser. 3, Bull. U.S. Geol. 
Surv., No. 610 (1916), pp. 109-28. 

4©“OQn Some Natural and Synthetic Melilites,” 
Amer. Jour. Sci., Vol. 111 (January, 1922), pp. 35- 
87. 

47 Harry Berman, “Composition of the Melilite 
Group,”’ Amer. Min., Vol. XIV, No. 11 (November, 
1929), pp- 389-4097. 
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On the basis of chemical analyses Ber- 
man stated that the “soda melilite” does 
not exceed 25 per cent in natural oc- 
currences and the “‘submelilite’”’ not over 
10 per cent. 

The location of the quaternary bound- 
ary curve between the fields of melilite, 
plagioclase, and nepheline solid solutions 
and the determination of the ‘‘four-phase 
boundary” discussed in the section on 
courses of crystallization was made prin- 
cipally to obtain information on the na- 
ture of the melilite mix-crystals in this 
system. 

The essential data with respect to the 
“four-phase boundary” are here sum- 
marized. A liquid represented by the 
composition of point 3 in Figure 9, upon 
crystallizing melilite, hits the quaternary 
boundary curve at 1,257° C.,asevidenced 
by simultaneous crystallization of plagio- 
clase and nepheline as secondary phases. 
Two points are thus located; the initial 
composition (point 3, Fig. 9), and that 


_point on the boundary curve represent- 


ing the composition of the liquid at the 
time when sufficient melilite has crystal- 
lized to attain this composition. A 
straight line, drawn from this point on 
the boundary curve through the initial 
composition, points to the composition 
of the melilite crystallizing at the time 
that the boundary curve is reached. The 
composition of the initial point is known, 
and that of the point on the boundary 
curve can be located by making the as- 
sumptions of a straight boundary curve 
with linear temperature drop, as earlier 
discussed. As the temperature is 1,257°, 
half of the difference between the planes 
of o and 1o per cent wollastonite can be 
assumed to be in the plane of 5 per cent 
wollastonite. Calculation of this point 
gives the following oxide percentages, 
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and listed with it is the initial composi- 
tion of the mixture: 


Per Cent 

21.92 

Initial composition 6.26 

36.62 

35.20 

19.11 

Point on boundary curve }Na.O...... 7.67 

38.55 


Figure to represents the subsidiary 
tetrahedron, as in Figure 8. The quater- 
nary boundary curve is diagrammatical- 


Fic. 10.—The subsidiary tetrahedron AN-GEH- 
NE-WO, showing quaternary boundary curve and 
four-phase boundary. 


ly indicated by the slightly curved line. 
Points a and 6 represent, respectively, 
the initial composition (point 3, Fig. 9) 
and the point on the boundary curve hit 
by this point upon crystallization. The 
arrow, joining the two, points to the 
composition of the melilite forming when 
point is reached. 

It is evident that the melilite solid 
solution crystallizing from the composi- 
tion of point a is represented by some 


point “below” the plane of this system, 
i.e., on the side toward the Al,O, corner 
of the main tetrahedron. Thus none of 
the hypothetical molecules proposed by 
Winchell or Berman enter into solid 
solution in this system. Considering pure 
gehlenite, Ca,ALSiO,, the following re- 
placements can be made: 

CaCaAlAlSiO, (gehlenite) 

CaAlAIAIAIO, (Al for Ca and Al for Si) 
This molecule, conforming to the 
gehlenite structure, can be written 
CaO - 2Al,O, and will be referred to as 
“1:2.” The 1:2 “molecule” is not known 
to exist as an independent compound,* 
but this fact does not preclude its enter- 
ing into solid solution as a component. 
If it does form a solid solution with 
gehlenite, the composition of the mix- 
crystals would be represented by a line 
joining the two components within the 
principal tetrahedron. The extension of 
the join between points a and 6 (Fig. 10) 
should then meet this line at some point 
representing the composition of the mix- 
crystals formed from a melt of composi- 
tion a. 

An orthographic projection of the 
lines representing the joins between a 
and } and gehlenite—1: 2 shows that they 
come very close to intersecting.*? This 
fact could also be proved by analytical 
means, either by obtaining the equations 
of the two lines or by showing that all 
four points lie in a plane. 

48 P. 306 of ftn. 2. 


49 A precise join would be fortuitous, because of 
experimental errors, here listed: 

1. The primary phase of point 3, Fig. 9, is 
melilite, the high relief of which tends to mask the 
appearance of the secondary phases. The determina- 
tion of simultaneous phases, as well as the precise 
temperature of appearance, is difficult. 

2. Points a and b are relatively close together in 
terms of the main tetrahedron; thus a slight error 
in the join between them is magnified in the exten- 
sion of the join. If a point such as a were located 
at a greater distance from the boundary curve, the 
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On the basis of this single determina- 
tion, it thus appears that the 1:2 com- 
pound of lime-alumina is the substance 
in solid solution in gehlenite crystallizing 
from this system. Moreover, if any other 
hypothetical ‘‘molecule”’ enters the mix- 
crystals, it must do so in very small 
amounts. 

As was postulated for the nepheline 
solid solution, it is again a subsilicious 
phase that precipitates from melts of the 
present investigation. No such silica- 
poor melilites are found in nature. Nat- 
ural magmas are not comparable in com- 
position to melts in this system, how- 
ever; and, as previously discussed, the 
temperatures of crystallization are con- 
siderably lower in magmas. This differ- 
ence of composition of the natural mag- 
mas presumably results in the formation 
of solid solutions of a nature other than 
those containing the 1:2 molecule, and 
the understanding of the complexity of 
the melilites is by no means completely 
resolved by this investigation.*° 


identification of secondary phases (1, above) would 
be more difficult. 

3. The assumption of a straight boundary curve 
with linear temperature drop is not strictly true. 

4. There are experimental errors of temperature 
measurement and composition synthesis. 


’° Although the results of this investigation as 
interpreted above indicate solid solution of CaO- 
2Al,0, in gehlenite, certain difficulties are en- 
countered in this supposition. No solid solutions of 
this nature were encountered in the investigation of 
the system CaO-AI,.O,-SiO., (ftn. 26). The proposed 
substitution of Al for Ca in the solid solutions is 
rather doubtful, owing to the small size of the Al 
atom. It is therefore important to note that another 
interpretation is possible: 7f a maximum temperature 
is present on the  melilite-nepheline-plagioclase 
boundary curve, the melilites crystalizing from this 
system may be enriched in Si and Na. Thus, if a 
temperature of 1,257° exists on the low-silica side 
of the plane of the system, the “molecule” in solid 
solution in gehlenite could be the Na.Si,O; proposed 
by Berman, which, it must be admitted, is more 
likely from a structural point of view. It is hoped 
that this point can be cleared up in a future in- 
vestigation. 
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PETROLOGIC SIGNIFICANCE 


Complete knowledge of the equilib- 
rium relations within the soda-lime- 
alumina-silica system is of great impor- 
tance in the understanding of the prob- 
lems of igneous petrology, and the pres- 
ent paper is a contribution toward that 
end. These four oxides constitute, by 
weight, go per cent of the average of 546 
granites, 85 per cent of the average of 43 
nepheline syenites, and 77 per cent of the 
average of 161 basalts.5* The minerals— 
quartz, plagioclase feldspars, nepheline, 
wollastonite, gehlenite, corundum, sil- 
limanite, mullite, grossularite, larnite, 
and jadeite—are formed of these four 
oxides, although the last five are formed 
only under ‘‘metamorphic conditions.” 
Knowledge of the four oxide systems is 
also of prime importance in certain tech- 
nological fields. 

The equilibrium relations as deter- 
mined in this study contribute to the 
knowledge of the relations within the 
main system. All seven faces of the sub- 
sidiary double tetrahedron have now 
been investigated.” 53 It has been men- 
tioned that the melts within the plane 
here studied do not correspond in com- 
position to any natural magmas. The 
closest approach is to be found in mag- 
mas that formed certain basic alkaline 
rocks, such as the tephrites, melilite- 
nephelinites, urtites and ijolites, tur- 
jaites, and melilite basalts. All these 
rocks contain greater or lesser amounts 
of a pyroxene and numerous accessory 


stR. A. Daly, Igneous Rocks and the Depths of 
the Earth (New York: McGraw-Hill Book Co., Inc., 
1933, pp- 9-28. 


See bibliography in paper by N. L. Bowen, 
“Phase Equilibria Bearing on the Origin and 
Differentiation of Alkaline Rocks,” Amer. Jour. Sci., 
Vol. CCXLHIIA (Daly Vol.) (1945), p. 83. 


83 The anorthite-gehlenite-wollastonite face is 
based on unpublished work of V. C. Juan. 
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minerals. The melilite of this system is 
also less complex than the natural min- 
eral, because of the absence of magnesia 
and iron. 

The strong tendency of gehlenite, 
nepheline, and anorthite to form solid 
solutions is again demonstrated in the 
present study; and, because of the non- 
ternary nature of the solid solutions, the 
system must be considered in terms of 
the four constituent oxides. Crystalliza- 
tion of the nepheline and melilite solid 
solutions results in a liquid enriched in 
SiO, and Na,O; and, once the quaternary 
boundary curve between the fields of 
melilite, plagioclase, and nepheline is 
reached, fractional crystallization could 
carry the residual liquid toward the 
plane of anorthite-nepheline-wollas- 
tonite, which is common to the subsidi- 
ary double tetrahedron. The fact that 
the field of melilite plunges through this 
boundary face, as discussed by Bowen,°4 
results in a quaternary reaction point 
within the adjoining tetrahedron, anor- 
thite-wollastonite-nepheline-albite, and 
permits fractionation to continue so that 
residual liquids within this portion of the 


54 See reference cited in ftn. 52. 
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main tetrahedron can result. Bowen’ 
points out that fractionation can con- 
tinue until the liquid reaches a composi- 
tion within that portion of the qua- 
ternary system outlined by the 
compounds __nepheline-albite-devitrite 
(Na,O + 3CaO + 6SiO,)-sodium disili- 
cate, the crystalline assemblages running 
the gamut from simplified melilite- 
nephelinites through simplified tephrites 
and phonolites to alkali rhyolites, with a 
soda-rich liquor remaining. 

The encroachment of a field of alumina 
upon the anorthite-nepheline join is sug- 
gestive in connection with the occurrence 
of corundum in certain anorthosites and 
nepheline-bearing syenites. 

ACKNOWLEDGMENTS.—The writer wishes to 
express his indebtedness to the faculty of the 
Department of Geology of the University of 
Chicago for the laboratory facilities which made 
this research possible. He is particularly grate- 
ful to Dr. Norman L. Bowen for his guidance 
and advice. Dr. Tom. F. W. Barth has also 
kindly devoted his time to the reading and 
criticizing of the manuscript. Dr. Bowen sug- 
gested the technique of “‘four-phase boundary” 
determination as a means of obtaining insight 
into the melilite solid-solution relations. 


55 See reference cited in ftn. 52. 
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THE COMPOSITION OF METEORITIC MATTER 
I. THE COMPOSITION OF THE SILICATE PHASE OF STONY METEORITES 


HARRISON BROWN AND CLAIRE PATTERSON 
Institute for Nuclear Studies, University of Chicago 


ABSTRACT 


A statistical study has been made of the analyses of the silicate phases of 107 selected stony meteorites. 
Frequency-distribution curves have been plotted, and arithmetic means, together with standard deviations 
and precisions, have been calculated for the major constituents. 


INTRODUCTION 


At the present time, meteorites con- 
stitute one of the more important sources 
of information concerning the composi- 
tion of the solar system. A thorough 
study of the composition of meteoritic 
matter can, conceivably, give valuable 
clues for the solution of such diverse 
problems as the geochemical distribu- 
tion of the elements, the process of 
planet formation, and the origin of the 
elements. 

In 1938, V. M. Goldschmidt,’ utilizing 
primarily chemical data obtained on 
meteorites, compiled a table of “cosmic 
abundances” of nuclear species, which is 
of particular interest to nuclear physi- 
cists and astrophysicists because of its 
bearing upon the problems of the origin 
of the elements and the relationships 
which may exist between “cosmic abun- 
dance” and nuclear properties. Since 
that time, interest in the problem of the 
origin of the elements has progressed to a 
point at which further inquiry into the 
experimental and theoretical foundations 
for such a compilation is desirable. This 
paper represents the first phase of such 
an inquiry. 

As our first step, we have attempted 

'“Geochemische Verteilungsgesetze der Ele- 
mente. IX. Die Mengenverhiltnisse der Elemente 
und der Atom-Arten,” Skrifter utgitt av Det Norske 
Videnskaps-Akademi i Oslo. I Mat.-Naturv. Klasse, 
1937, No. 4 (1938). 
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to answer two questions: (1) How ac- 
curately can the average composition of 
the silicate phase of stony meteorites be 
expressed at the present time? (2) For a 
given constituent, how many meteorites 
must be analyzed if the probable error of 
the arithmetic mean of the concentra- 
tion is to lie below a certain fixed value? 
We have attempted to answer these 
questions by analyzing statistically the 
available data on the major constituents 
of stony meteorites. 


THE PRESENT INQUIRY 


In 1916, G. P. Merrill? averaged the 
composition of 59 stone meteorites, most 
of them known falls. Goldschmidt,’ in 
his compilation of relative abundances, 
used Merrill’s averages, after first sub- 
tracting the iron-nickel and sulphide 
phases, in that manner obtaining the 
average composition of the silicate phase. 
Since Merrill’s averages were obtained, 
a sufficient number of additional meteor- 
ite falls have been analyzed to permit a 
statistical study of the distribution of the 
elements in the silicate phase. 

The individual analyses for 107 se- 
lected stony meteorites are given in 
Table 1. Of the analyses, 58 are from 

2“Report on Researches on the Chemical and 
Mineralogical Composition of Meteorites, with Es- 


pecial Reference to Their Minor Constituents,” 
Mem. Nat. Acad. Sci., Vol. XIV (1916). 


3 See ftn. 1. 
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THE COMPOSITION OF METEORITIC MATTER 


Merrill’s compilation, and the balance 
have been selected from the literature 
accumulated since 1916. The data have 
been broken down in the following man- 
ner: The metallic iron, nickel, and cobalt 
and the sulphur present in each meteor- 
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metic mean. It can beseen that the two 
most abundant constituents, silica and 
magnesia, are fairly well defined and that 
for the less abundant constituents the 
spread is considerably greater. 

Table 2 shows the arithmetic mean of 


TABLE 2 


AVERAGE COMPOSITION BY WEIGHT OF THE SILICATE 
PHASE OF STONY METEORITES 


Constituent Per Cent 


Standard 


Precision 
Deviation 


999000900 


w 
oo 
+ 


Seer e 


* From Fe,O; and FeO. 
From Fe.0;, FeO, and P.O;. 


ite have been subtracted from the gross 
analysis. The balance, representing the 
silicate phase, has been adjusted so that 
the sum of the constituents equals 100 
per cent. Wherever possible the direct 
analysis of the silicate phase, freed 
magnetically from the metallic and sul- 
phide phases, was used, in which case 
no numerical adjustments were nec- 
essary. ; 

Figure 1 shows frequency-distribution 
curves for the major constituents. The 
number of observed cases lying within 
a designated percentage interval is 
plotted against the location of the inter- 
val. The interval chosen in each case is 
approximately 10 per cent of the arith- 


each constituent, together with the 
standard deviation a, where 


| 
A; = Deviation of the abundance of a given 
constituent in a given meteorite from’ 
the arithmetic mean; 


n = Number of meteorites studied. 


The standard deviation is essentially a 
measure of the “‘spread’’ of an element or 
the range of concentrations in which it 
is most prevalent. If a sufficient number 
of cases is available for the data to be 
representative, ¢ should be fairly inde- 
pendent of 


me | Cases 
27.56 44 | £0.53 107 
13.25 39 | +0.42 107 
4 g2 +0. 28 106 
2.90 | 96 | | 106 
1.10; | 75 | +0.07; 99 
©.542 73 +0.078 
71 | +0.078 82 
37 | £0.05; | 4 
| | 2. 16 | +0.02; 47 : 
27 (| 046 +0.011 | 16 4 
8; | 00 | | 49 
_ | | | 29 +0.12 107 
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The precisions oj the arithmetic means 
are given in the fourth column of Table 2 
and have been calculated, using the re- 
lationship 


Vn’ 

where M is the measure of precision. In 
the cases of the three constituents— 
titanium oxide, chromium oxide, and 
manganese oxide—the arithmetic means 
are affected markedly by the decision as 
to whether to include in each case one 


M=+ 
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It can be seen that in the most favorable 
case, that of silicon, the mean is probably 
correct to within 1 per cent of the mean. 
In the least favorable case, that of ti- 
tanium, the mean is probably correct to 
within 35 per cent of the mean. 

If one plots the standard deviation 
divided by the arithmetic mean against 
the logarithm of the arithmetic mean 
for each of the metallic oxides, an inter- 
esting trend becomes evident. Figure 2 
indicates that, as the concentration 


TABLE 3 


AVERAGE COMPOSITION OF THE SILICATE PHASE 
OF STONY METEORITES BY ELEMENTS 


Element Weight Per Cent 


Atoms per 


Atomic Per Cen 
ss — 100 Atoms of Si 


Oxygen 2%. 
Silicon +o. 


Sodium 


Chromium............ 
Manganese 

Potassium 
Phosphorus 

Hydrogen... . 

Cobalt 


.o16 


abnormally high value. For these cases 
the means, together with the deviations 
and precisions, were calculated both 
with and without the abnormal value.‘ 

In Table 3 the composition has been 
broken down in terms of elements and 
expressed in three ways: weight per cent, 
atomic per cent, and (after Goldschmidt) 
in terms of atoms per 100 atoms of 
silicon. In the cases of titanium, chromi- 
um, and manganese the averages given 
are the means of the high and low values. 


4 The abnormal values are as follows: Angra dos 
Reis, Brazil, 2.42 per cent TiO,; Long Island, Kan- 
sas, 6.68 per cent Cr,0;; Misshof, Russia, 5.63 per 
cent MnO. 
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decreases, the standard deviation in- 
creases rather markedly. While at least 
some of the observed spread can be at- 
tributed to experimental error, it seems 
clear that the major portion of the 
spreads, shown in the plot, actually oc- 
cur in nature. While the curve, arbitrari- 
ly drawn through the points, should not 
be regarded as a precise relationship, Fig- 
ure 2 indicates that in the case of the 
minor constituents (constituents present 
to an extent less than too parts per 
million) a very large number of falls must 
be analyzed if arithmetic means pos- 
sessing fair degrees of precision are to be 
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19 16.60 20.15 100 
it Magnesium...........| 16.62 +0.32 14,73 +0.28 5 
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066+0 | +0.35 2 
022+0 079 + 0.0033 020 
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obtained. For example, extrapolation of 
the curve in Figure 2 back to 10 parts per 
million (o.oo1 per cent) indicates that, 
for a constituent present at that average 
concentration, some 500 falls should be 
analyzed (either collectively or separate- 
ly) if the arithmetic mean is to be precise 
to 10 per cent. 
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no greater a precision than 25-35 per 
cent on a purely statistical basis. Such a 
precision, however, would be correct only 
if no error is inherent in the analytical 
work. When one takes into considera- 
tion the difficulties of precise analysis, 
it seems only reasonable to suppose that 
most of the work done to date on the 
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Fic. 2.—The variation of the spread with the arithmetic mean for the major constituents of the silicate 


phase of stony meteorites. 


Thus it would appear that in the ex- 
tensive work of the Noddacks*® on the 
minor constituents of stony meteorites 
(a composite mixture of 42 falls was 
used), the results are probably valid to 

ST. and W. Noddack, “Die Hiufigkeit der che- 
mischen Elemente,” Naturw., Vol. XVIII (1930), 
p. 757; “Die geochemischen Verteilungskoeffizienten 
der Elemente,” Svensk kem. Tidssk., Vol. XLVI 


(1934), Pp. 173 


minor constituents of stony meteorites 
has a precision of probably .no greater 
than a factor of 2. 
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THE LONGVIEW MEMBER OF THE KINGSPORT FORMATION 


ARTHUR T. ALLEN 
Emory University 


ABSTRACT 


A detailed stratigraphic study of the Longview member of the Kingsport formation of the Knox dolomite 
group has been undertaken because of the economic importance of the Knox dolomite to zinc mining in the 


southeastern United States. 


An excellent opportunity presented itself to the author to study and correlate detailed sections in under- 
ground exposures of zones about which little could be learned from surface exposures because of the scarcity 
of outcrops, the variation in lithology, and the lack of fossils. 


INTRODUCTION 


The Mascot properties of the Ameri- 
can Zinc, Lead, and Smelting Company 
are in Knox County, Tennessee, 13 miles 
northeast of Knoxville, about equidis- 
tant between U.S. Highways 11 and 
11W. The data for this paper were 
gathered from a study of underground 
exposures in the Mascot mines and from 
surface outcrops on the company proper- 
ty and near-by localities. 

The mineralized district lies within the 
Tennessee section of the Valley and 
Ridge Province, a southwest extension of 
the Shenandoah Valley of Virginia. This 
part of the Valley and Ridge Province is 
approximately 50 miles wide, being 
bounded on the northwest by the Cum- 
berland Plateau and on the southeast by 
the Great Smoky Mountains. Topo- 
graphically, it is a region of ridges with 
narrow intervening valleys. The ridges 
are formed of resistant chert and sand- 
stone, and the valleys of less resistant 
limestone, dolomite, and shale, The 
ridges are largely wooded. The valleys 
are used for agriculture and pasture land. 


HISTORY OF ZINC MINING IN TENNESSEE 


Zinc mining in eastern Tennessee dates 
back to the middle of the last century. 
Oxide and sulphide ores occur at many 
places. Where conditions were favorable 


for their formation, carbonate ores oc- 
curred in the outcrop, from which the 
earliest production was derived. 

Tennessee first came to general atten- 
tion as an important producer of zinc 
ores in 1913, when the Embree Iron Com- 
pany shipped its first oxidized ores from 
Embreeville and the American Zinc 
Company its first sulphide ores from 
Mascot. 

The Mascot-—Jefferson City zinc dis- 
trict extends from Mascot to Jefferson 
City, about 30 miles northeast of Knox- 
ville. The principal producers of sulphide 
ores at the present time are the American 
Zinc Company mines at Jefferson City, 
New Market, and Mascot; and the Uni- 
versal Exploration Company mine at 
Jefferson City. The approximate daily 
production is 5,000 tons of ore, grading 
2.5-5 per cent zinc. 

Zinc ores occur at various horizons in 
the Knox dolomite. The position of the 
most productive ores at Mascot has been 
a zone 97 feet thick, occurring some 150 
feet above the top of the Longview mem- 
ber; whereas the ore mined at New Pros- 
pect, 25 miles northwest of Mascot, is 
2,500 feet stratigraphically lower. Since 
the Longview occupies an intermediate 
position and in some localities is known 
to contain zinc minerals, a detailed de- 
scription of it should be useful. 
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GENERAL GEOLOGY OF THE DISTRICT 


The formations of the district are of 
limestones, dolomites, and shales, rang- 
ing in age from Cambrian to Carbonif- 
erous." The strata have been intensely 
folded and faulted, the structures being 
essentially parallel and trending north- 
easterly with the valley. The prevailing 
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The Knox dolomite, which ranges in 
thickness from 2,800 to 3,200 feet, is the 
most important and the most widespread 
of the valley rocks. It is made up of at 
least four formations, which are so simi- 
lar in appearance that very close study 
is required to distinguish them. These 
are the Conococheague, Chepultepec, 
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rock dips in this region of Appalachian 
overturning are to the southeast. Dis- 
placements along some of the over- 
thrusts amount to as much as 6-8 miles. 
The folding and faulting have allowed 
the unequally resistant strata to form al- 
ternate ridges and valleys and to outcrop 
in a succession of belts. 


H. Newman, “The Mascot—Jefferson City 
Zine District, XVI Int. Geol. Cong. Guidebook 2 
(1932), pp. 152-65. 
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Kingsport, and Mascot. Their strati- 
graphic position, subdivisions, and ap- 
proximate thicknesses are shown in the 
accompanying generalized _ section 
(Table 1). 

The Kingsport formation of the Knox 
group is composed of 550-625 feet of 
limestone and dolomite. The dolomite 
varies in color from very light to dark 
gray and in texture from fine grained to 
very coarse grained. The limestone is 
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dove to brown in color and 
grained. Numerous arenaceous lay 


and shale seams are present, but few are 


of very great thickness. Many bands 
chert nodules and chert layers are sc 


tered throughout the section. The low- 
est divison of the Kingsport is the Long- 


view dolomite member. 


GENERALIZED SECTION, MASCOT-JEFFE 


is fine 
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STRATIGRAPHY OF THE 


ers LONGVIEW DOLOMITE 


In older publications the portion of the 
Knox dolomite represented by the Long- 
view dolomite member was called “Nit- 
tany”’ because it was believed to corre- 
late with a formation bearing that name 
in Pennsylvania. Recent workers, how- 


of 
at- 


TABLE 1 


RSON CITY ZINC DISTRICT, EASTERN TENNESSEE 


| 
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Formation Name 


Thickness Character of Rocks 


Lenoir and Mosheim limestone 
(Chickamauga) 


Mascot 
(Cotter-Powell) 


Ordovician 


Canadian 


Kingsport 
(Jefferson City) 


Knox dolomite 


Middle 
limestone 


Longview 
dolomite 


Dark gray (Lenoir) and dove bird’s-eye (Mo- 
sheim) limestone 


Light and dark-gray dolomite and limestone 
moderately cherty; limestone most abun- 
dant in Jefferson City area; base marked by 
chert-matrix sandstone; rarely mineralized 


Very light- to medium light-gray dolomite, 
moderately cherty; extremely fine-grained 
with small amount semicrystalline and 
crystalline dolomite; base marked by 5- 
foot bed of very dark dolomite 


Brown limestone, which in many places has 
been altered to crystalline dolomite; some 
some light- to dark-gray dolomite 


Dolomite, light gray to nearly white; fine- 
grained to semicrystalline dolomite 


Chepultepec 


| 


Mostly dolomite at Mascot; light- and dark- 
gray dolomite and limestone in Jefferson 
City area; very cherty; heavy sandstone 
at base 


500+ 


Ozarkian 


Knox dolomite 


Conococheague 


| 
| 
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Cambrian 


Maynardsville limestone 


Dark ‘sugary and light-gray, fine-grained 
cherty dolomite; some limestone in Jeffer- 
son City area 

Light-blue to dark-gray laminated limestone 
and dolomite 


soot 


60- 


250+ 


Croixan 


Nolichucky shale 


550-  Dark-gray, greenish, and yellow shales and 
750 thin limestones 
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ever, have replaced the name Nittany 
with that of “Longview,” which was 
first used by Charles Butts? in describing 
rocks in Alabama which are now believed 
to correlate with this zone in Tennessee. 

The Knox dolomite has been de- 
scribed by various authors, but, with the 
exception of the descriptions of the 
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with surface outcrops involving, for the 
most part, poor exposures of the Long- 
view. 

The detailed stratigraphys and the 
true relations of the Longview have here- 
tofore been poorly understood because 
surface exposures of the rocks in the dis- 
trict are few. Furthermore, fossils are 
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Kingsport formation by C. R. L. Oder 
and W. H. Miller’ and by J. Crawford,‘ 
practically all the descriptions have dealt 


” 


“Geology of Alabama, the Paleozoic Rocks, 
Ala. Geol. Surv. Spec. Rept. 14 (1926). 
3“Stratigraphy of the Mascot-Jefferson City 
Zinc District,” A.J.M.E. Tech. Pub. 1818 (1945), 
pp. I-9. 
Control of 
Econ. Geol., 


4“Structural and Stratigraphic 
Zinc Deposits in East Tennessee,”’ 
Vol. XL, No. 6 (1945), pp. 412-15. 
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sparse and difficult to find, and the ones 
that can be found occur in residual chert. 
Lithology appears to be more practi- 
cable than fossils for establishing the 
the Longview as a mappable unit and 
for understanding its nature and relation 
to the Kingsport formation. Since the 
parts of this unit seen in underground 
workings at Mascot are more completely 
exposed than in any other locality in the 
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valley, except in the section at Thorn 
Hill, the mine sections can best furnish 
the detailed descriptions. 

The Longview member of the Mascot 
district is composed of 145 feet of light- 
to very-light-gray dolomite, for the most 
part in fine-grained layers, although 
some layers are so coarsely crystalline 
that they resemble marble in appearance. 
The rock approaches theoretical dolo- 
mite in composition and may have been 
altered from fine-grained limestone. 
Some layers show a replacement of the 
limestone by crystalline dolomite within 
only a few feet in underground expo- 
sures. Arenaceous zones of medium- 
sized frosted quartz grains disseminated 
in dolomite are numerous, although most 
of the silica content occurs as interstitial 
filling. Chert nodules and chert layers are 
scarce. 

The late Mark H. Newman devised 
the method of measuring and naming the 
beds in the mines at Mascot and de- 
scribed parts of the ore-bearing zones. 
His method utilized numbers to denote 
the thickness of beds above and below 
the footwall sand, which he designated 
the ‘“o”’ bed. These numbers also were 
used as the name of the individual bed. 

Oder and Miller’s studies did not in- 
clude any of the Longview. In fact, they 
did not cover any of the beds between the 
top of the Longview and the layer which 
they termed the ‘‘“—64 bed” at Mascot. 
Newman recognized the presence of 
sands below —64 bed, but he failed to 
describe any part of that zone. 


SUMMARY 


Former workers have considered the 
thickness of the Longview in the Mascot 
locality to be 250 feet. The writer’s exam- 
ination of the strata included in that 
measurement shows that it includes 


about 100 feet of crystalline dolomite and 
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layers of true limestone, which belong in 
the overlying middle limestone member 
of the Kingsport. 

The writer has found no radical change 
in sedimentation or other evidence of un- 
conformity at the top of the Longview in 
this area. The lithology of that unit is 
more like that of the overlying Kingsport 
than that of the underlying Chepultepec 
beds. Therefore, it is here considered to 
be a member of the Kingsport formation, 
which the author believes consists of 
three members as follows: 


1. The upper dolomite member; 184 feet thick; 
principally light-gray, fine-grained dolomite, 
with a few thin layers of limestone 

2. The middle limestone member; 210 feet 
thick; composed of brown limestone, which 
in many places has been altered to crystalline 
dolomite with some layers of light- to dark- 
gray, fine-grained dolomite 

3. The Longview dolomite member; 145 feet 
thick; composed of light-gray to nearly 
white, fine-grained dolomite, with a few beds 
of light-gray dolomite of medium crystalline 
texture. 


The crystalline dolomite in the lower 
part of the middle member of the Kings- 
port formation is referred to locally as 
“recrystalline dolomite.’’ When one fol- 
lows this zone along the strike of mine 
sections, the crystalline texture may be 
seen to grade into unaltered, _fine- 
grained, dove-colored limestone. In some 
localities dolomitization and the develop- 
ment of a crystalline texture are practi- 
cally complete, with only a few remnants 
of unaltered limestone remaining. The 
evidence noted in this zone is sufficiently 
conclusive to state that the crystalline 
texture is a result of alteration. 

Whether or not any limestone occurs 
in the Longview has been a matter of 
controversy. It is certainly present in 
this zone in the Thorn Hill section, but 
only one small occurence of actual lime- 
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THE LONGVIEW MEMBER OF THE KINGSPORT FORMATION 


stone has been found in the Longview at 
Mascot, although some of the crystal- 
line dolomite occurring in this member 
in the latter locality represents altered 
limestone. 

Some workers have thought that chert 
is far more abundant in the Longview 
than in other parts of the Kingsport 
formation. This opinion seems to be due 
to the heavy chert residuum usually 
found along the surface outcrop of this 
zone. However, the writer has found that 
this is not always true. If the limestone 
and crystalline dolomite members are 
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placed in the Longview, because of the 
presence of Lacanospira, the Longview 
may be considered to be as cherty as the 
middle member; but if the limestone 
beds are placed in the middle member of 
the Kingsport, the amount of chert in the 
Longview, other than interstitial silica, 
is small in quantity. 
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ON THE GEOCHEMICAL CYCLE OF FLUORINE 


TOM. F. W. BARTH I 
University of Chicago el 
ri 
ABSTRACT cl 
The average concentration of fluorine in the earth’s crust is about 800 gm. per ton. In basalts and gabbros , 
it is present as apatite; in granites, gneisses, and metamorphic rocks it is contained in mica, hornblende, and 8 
fluorspar. Much fluorine enters into the magmatic gas phase, which has an acid reaction. Great amounts of te 
fluorine are therefore exhaled by volcanic eruptions. If the magmatic gas phase has opportunity to react with 1 
the wall rock, it turns alkalic, and fluorine is extracted (as phosphate?) before it reaches the surface; alkaline § 

hot springs carry no magmatic fluorine. Of the fluorine dissolved by the weathering processes, only o.2 per m 
cent is found in the ocean. Fluorine is extracted from inland waters and from the sea, forming mineral! de- i 
posits with a composition resembling fluorapatite. 8 
al 
THE AVERAGE FLUORINE CONCENTRA- rine that they virtually neglected the data ex 
TION IN THE LITHOSPHERE of the analysts and estimated the amount by 
Geochemistry is concerned with the of fluorine indirectly, on the assumption pl 
chemical composition of the earth’s that the chief carrier of fluorine in ig- of 
crust as a whole, with the differences in "CUS rocks was the mineral apatite. cl 
composition between the individual Consequently, they argued, the average ft 
rocks and minerals. and with chemical uorine should be about one-tenth that ar 
changes occurring in the rocks. It traces of the phosphoric acid, i.e., 300 gm. pe in 
the geochemical cycle of each element ‘”- This figure is now currently used in i“ 
and explains reactions taking place at the oe gen a licati HoH pl 
various depths, e.g., how some elements aut wan Ge of pe 
in certain stages of their geochemical Willard and O. B. Winter’s* reliable at 
cycle concentrate in ore deposits or salt S. 
layers, while others during their entire Shepherd’ at the Geophysical Labora- ga 

cycle occur as “disperse” elements in tory started a long series of analyses aim- 
very small concentrations ing to establish the significance of fluo- rit 
Fluorine is one of these “disperse” "™®© ™ geochemistry.® He found that qu 
elements, never concentrating in large 400 ton hg 
mineral deposits, and, in addition, it has P!utomic rocks, a ern In 
been difficult to catch analytically in seemed to average higher. His data are to 
socks and minerals interesting also in showing that fluorine tic 
In 1920, F. W. Clarke’ on very scanty does not, as had been suggested, increase to 

data estimated fluorine to constitute 1 Proportion to phosphorus—thus apa- th 
about 200 gm. per ton of the earth’s 3“Volumetric Method for Determination of sp 

crust. Four years later F. W. Clarke and Fluorine,” Indust. Eng. Chem., Anal. Ed., Vol. V 

H. S. Washington? were so discouraged 

+“Volatile Constituents of Rocks: Fluorine, 

by the uncertainty of the analytical Carnegie Inst. Wash. Year Book No. 34 (1934-35), 

methods available for determining fluo- _ pp. 98-100. 

5 “The Gases in Rocks and Some Related Prob- 
Bet bed sag Geoche mistry, U.S. Geol. Surv., lems,” Amer. Jour. Sci.. Vol. XXXVA (1938), ne 
ne ae eee pp. 311-51; “Note on the Fluorine Content of Wi 
2“The Composition of the Earth’s Crust,’ Rocks and Ocean Bottom Samples,” ibid., Vol. ra 


U.S. Geol. Surv. Prof. Paper 127 (1924). 
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CCXXXVIII (1940), pp. 117-28. 
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tite is not the chief carrier of fluorine in 
igneous rocks. 

At the annual meeting of the American 
Mineralogical Society, in’ December, 
1946, Dr. B. Wasserstein read a paper 
entitled “On the Geochemistry of Fluo- 
rine.”’ From a great many data he con- 
cluded that the fluorine concentration in 
granite (presumably including the ex- 
tensive pre-Cambrian granites and 
gneisses) would be 800 gm. per ton or 
more. This figure is twice as high as that 
given by Shepherd for plutonic rocks; 
and, since the continental granite areas 
exceed those of all other plutonic rocks 
by a factor of 20, it would seem very 
probable that the average concentration 
of fluorine in the near-surface rocks is 
close to 800 gm. per ton. This means that 
fluorine would be number ro in amount 
among all elements, following titanium 
in the list. Even in weight percentage it 
would rank higher than chlorine, phos- 
phorous, and sulphur; in terms of atom 
percentages it would be three times as 
abundant as chlorine and between two 
and three times as abundant as man- 
ganese. 

If we accept this estimate of the fluo- 
rine content of the earth’s crust, the next 
questions are to find out how fluorine be- 
haves; in which reactions it takes place; 
in which minerals it is, or can be, present; 
to what extent differences of concentra- 
tions occur and why they occur. In order 
to answer these questions, we must find 
the relation between fluorine in the litho- 
sphere and in the sea. 


FLUORINE IN SEA WATER 


The salt in the sea, its origin, and the 
manner of its delivery into the sea, have 
not been satisfactorily explained. Most 
widely accepted is the theory that the 
sea was originally fresh and gradually be- 
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came saline through addition of salts 
contained in river water. 

C. H. White,® on the other hand, be- 
lieves that the primeval sea was saline; 
that volatile alkaline chlorides were 
formed prior to and above the silicates; 
and that they came to rest upon the pri- 
meval silicate crust and remained there 
until they were dissolved by the early 
rains and were carried as saturated brine 
into the growing oceans. 

J. Joly’ has held the view that the pri- 
meval atmosphere contained HCl! which, 
mixed with rain water, was able to dis- 
solve metals from the silicate crust and 
carry them as chlorides into the sea, 
which originally was a dilute solution of 
HCl without sodium. Likewise, Joly has 
shown that, for each kilogram of sea 
water, about 600 gm. of average igneous 
rocks would have to pass through the 
cycle of weathering and sedimentation in 
order to deliver the necessary sodium, 
assuming that one-third of the soda of 
the parent-rock had been locked up in 
sediments, while two-thirds still remained 
in the sea. Although recognizing the un- 
certainties involved, we shall use Joly’s 
figure as the basis for calculating the 
amounts of mineral matter that have 
been supplied to the sea. Even if this 
estimate is incorrect, there should prob- 
ably be no great change in the propor- 
tional relations of the figures presented 
in Table 1. 

Table 1 demonstrates the very inter- 
esting fact that chlorine and bromine are 
found in sea water in such large quanti- 
ties that—if the data underlying the 
computations are anywhere near right— 
a derivation from the lithosphere 


6 “Why the Sea Is Salt,” Amer. Jour. Sci., Vol. 
CCIV (1942), 714-24. 

7“An Estimate of the Geological Age of the 
Earth,” Sci. Trans. Roy. Soc. Dublin, Vol. VII 
(1899), pp. 23-66. 
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through weathering processes seems im- 
possible. The amount of chlorine thus 
delivered to the sea through all geologic 
ages would be 290 mg. per kilogram of 
sea water. But 1 kg. of sea water today 
contains 19,300 mg., or 6,655 per cent of 
the chlorine thus delivered. The per- 
centages given in the last column of 
Table 1 should, for each element, repre- 
sent the fraction of the total amount 
delivered that was retained in the sea. 
Consequently, figures higher than 100 


TABLE 1 


HALOGENS PRESENT IN ROCKS AND 
IN SEA WATER* 


| | | 
| 


| Delivered | 
| to Each Present 
| Present Kg. of in Sea 
| in Rocks | Sea Water | (Mg. per | Percentage 
(Gm/Ton) | by Weath- | Kg. of 
| ering Proc- | Water) | 
esses (Mg.)| 
800 480 1 | 
ae 480 290 19300 6655 
Br. 66 | 5500 
0.3 | 0.18 0.05) 28 


* The values for Cl, Br, and I in rocks are taken from: F. W 
Clarke and H. S. Washington, ‘‘The Composition of the Earth’s 
Crust,’ U.S. Geol. Surv. Prof. Paper 127 (1924); L.S. Selivanov, 
*‘Chlorine and Bromine in Massive Crystalline Rocks,’’ Compt. 
rend. (Doklady) Acad. Sci. U.R.S.S. Vol. XXVIII (1940), pp. 
809-13; T. Fellenberg and G. L unde, “Contribution a la géo- 
chemie de |’iode,’’ Norsk Geol. Tids , Vol. IX (1926), p. 48. 

New determinations of fluorine in sea water have been made 
by T. G. Thompson, and H. J. T: aylor, “Determination and Oc- 
currence of Fluorides in Sea Water,’’ Jndust. Eng. Chem., Anal. 
Ed., Vol. V (1933), pp. 87-89. See also V. M. Goldschmidt, “The 
Principles of the Distribution of the Chemical Elements in 
Minerals and Rocks,’’ Jour. Chem. Soc., London (1937), pp. 
655-73. 


per cent indicate that the corresponding 
elements must have been present as 
primary constituents of the sea or else 
were delivered to the sea by volcanic 
gases and hot springs. 

A large surplus of both chlorine and 
bromine is present in the sea. In sharp 
contrast to this, only a fraction of 1 per 
cent of the fluorine contained in primary 
rocks reaches the sea and remains in 
solution. By far the greatest part is re- 
turned to the lithosphere. In which rocks 
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does it occur, and in which minerals is it 
concentrated? Partial answers to these 
questions may be obtained from the fol- 
lowing data. 


FLUORINE IN THE OSLO REGION 


The region around Oslo, Norway, 
forms a well-known and_ well-defined 
petrographic province, containing deep- 
seated rocks as well as lavas and pro- 
gressively metamorphosed sediments. 
The deep-seated rocks form a series of 
mildly alkaline character, ranging from 
monzonites through syenites and quartz- 
syenites to alkali-granites with a nephe- 
line-syenite offshoot. The petrographic 
features of the series are in part apparent 
from Figure 1. A half-hundred fluorine 
analyses of these rocks have been worked 
out.* Of interest to this paper are the re- 
sults from the igneous rocks. In Table 2 
the average contents of fluorine and 
phosphorus pentoxide of each rock type 
have been listed. 

Table 2 shows that the phosphorus 
content is not related to that of fluorine 
in a regular way, thus again supporting 
Shepherd’s conclusion that apatite is not 
the chief carrier of fluorine. This is par- 
ticularly true for the later members of 
the magma series—nordmarkites, eker- 
ites, and granites, which are virtually 
without apatite; in them most of the 
fluorine is fixed in biotite and horn- 
blende (see Fig. 2). 

On the other hand, attention should 
be directed to three individual analyses 
of kauaiite (so-called ‘“Oslo-essexite’’), 
a coarse-grained basalt or gabbro, occur- 
ring in necks or pipes that are supposed 
to represent feeding channels for the ex- 
tensive basalt flows of the province. In 
these basalts we find that the proportion 


8’ T. F. W. Barth and B. Bruun, “Fluorine in the 
Oslo Petrographic Province,” Norske Vid. Akad. 
Skr. No. 8 (1945), pp. 5-12 
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ON THE GEOCHEMICAL CYCLE OF FLUORINE 


between fluorine and phosphorus is very 
nearly 1:10, indicating that all fluorine 
is fixed in apatite. 


FLUORINE IN ROCKS AND WATERS 
FROM ICELAND 


Determinations of fluorine and phos- 
phorus in unaltered Icelandic basalts 
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of the alkaline hot springs, which is part- 
ly meteoric and has reacted with rocks. 

From areas of acid hot springs I have 
only one observation: Hverarénd, east of 
Myvatn in northern Iceland, is an area 
of intense solfataric activity. The acid 
hot springs and fumaroles have boiled to 
pieces and “dissolved’”’ basaltic rocks, 


Soda orthoclase ———»> Soda orthoclase NX 
Anorthoclase Or, Ab 
Andesine _> Oligoclase 
A A 
i 
Kjelsasite Larvikite Nordmarkite Ekerite 
| | y 
Augite | Egirite 
— Hornblende Soda-amphibole 


Fic. 1.—Differentiation diagram of the Oslo plutonic rocks. Lardalite is a nepheline syenite that branches 
off from larvikite. Akerite is a structural variety chemically related to kjelsasite. 


have been listed in Table 3. The amount 
of fluorine is, in each case, about one- 
tenth that of phosphorus, which, check- 
ing with the percentage of apatite deter- 
mined in thin sections, indicates that all 
the fluorine is fixed in apatite. Since ba- 
salts of the Oslo region show the same re- 
lation, it would seem a natural conclusion 
that, generally, fluorine in basalts (and 
probably in gabbros) is locked up in 
apatite. 

Two samples of dike rock from north- 
ern Iceland, strongly altered (by acid 
thermal waters?), have been collected by 
L. Hawkes and analyzed by E. S. Shep- 
herd,’ who found them high in fluorine; 
the samples gave 0.156 and 0.338 per 
cent fluorine. 

Magmatic emanations are manifestly 
high in fluorine, and studies of the ther- 
mal activity in Iceland have demon- 
strated’ that the acid hot springs and 
fumaroles are more closely related to the 
magmatic emanations than is the water 


9“*The Gases in Rocks and Some Related Prob- 
(1938), 


lems,’ Amer. Jour. Sci., Vol. XXXVA 
pp. 311-51. 


TABLE 2 


AVERAGE CONCENTRATION OF FLUORINE AND 
OF PHOSPHORUS IN THE PRINCIPAL TYPES 
OF THE OSLO IGNEOUS ROCKS 


C 
sien Per Cent | Per Cent 


F | POs 
Akerite 0.070 | 0.51 
..| Kjelsasite . 
Larvikite .078 .59 
Lardalite ogo .62 
Nordmarkite 086 20 
6.. Nordm-Ekerite .072 08 
Ekerite .067 .O4 
wi Granite .063 | .07 
9) | 
10>. Kauaiite 
I1) 0.07 | 0.73 
Weighted 
0.075 | 0.305 


eventually transforming them into clay. 
Basalts in various stages of alteration 
can be found. For analysis a basaltic 
lava was sampled from a crack or vent 
through which an intense vapor exhala- 
tion was taking place. The pores of the 
lava were full of incrustations, mostly of 


© T. F. W. Barth, “Pristine and Contaminated 
Rock Magma and Hot-Spring Water,” Bull. 
volcanologique, Ser. II, Vol. VI (1940), pp. 83-87. 
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sulphates (the full analysis of the rocks 
is given in Table 4). As seen from the 
analysis, this lava obviously has received 
fluorine delivered by the acid gases. 
Alkaline hot-spring water is remark- 
ably low in fluorine; the concentration 
is in the same range as that encountered 
in ordinary river water. Silica sinter de- 
posited by hot springs is also low in fluo- 
rine (see Fable 5). Since the hot-spring 
water is fed by magmatic emanations, 
one would expect it to contain much 
fluorine, unless fluorine was extracted by 
interaction with the contiguous rocks. 


TABLE 3 
UNALTERED BASALTS FROM ICELAND 


Locality F P.O. 


Per Cent | Per Cent | 


Ellida4rvogur 
Svinahlid 

Hveradal 

Ash from Vatnajékull 
Littli Geysir 


Average 


In order to test this, two analyses were 
made. 

1. A pebble of basaltic composition 
was found in the crater of a small, boiling 
spring close to Geysir. For a long time 
the pebble has been exposed to the boil- 
ing water (pH =8.5); it was obviously al- 
tered by the water and should have had 
a good chance to absorb or assimilate 
fluorine, if there were any. The analysis 
shows, however, that no fluorine was as- 
similated; on the contrary, the ratio 
P.O,/F indicates that some fluorine was 
lost. 

A drill core of basaltic tuff was 
taken at 200 meters depth at Reykir in 
Mosfellssveit, an area of exceptional 
thermal activity, where the underground 
is soaked with hot-spring waters 
(pH=8.0). Again the analysis demon- 


TOM. F. W. BARTH 


strates that no fluorine was deposited in, 
or assimilated by, the tuff" (see Table 5). 

The analyses of Tables 4 and 5 indi- 
cate, therefore, that at least part of the 
fluorine of the primary magmatic emana- 
tions is contained in the acid hot springs 


TABLE 4 
ALTERED LAVA EAST OF HVERAROND 


Weight 
Per Cent 


Weight 


+ 


COW 


8 


NOTES TO TABLE 4 


None: ZrO,, Cr,0;, BaO, rare earths. 

1. Analysis of altered lava east of Hverarénd, 
northern Iceland (Barth analyst). 

2. Analysis of alunogen efflorescences, 
fjall, northern Iceland (Bruun analyst). 


Nama- 


OF ALTERED L 


Quartz and 

Albitic feldspar 
Hematite, ilmenite. ..... 
Pyroxene 

Calcite, fluorite. . 
Gypsum. 
Alunogen*. 


NON NKR 


9 
° 


* Composition as stated in col. 2. 


™ A rhyolite from Yellowstone, altered by alka- 
line thermal waters, was tested by Fenner and found 
to contain no fluorine (see in E. T. Allen and A. L. 
Day, “Hot Springs of the Yellowstone National 
Park,”’ Carnegie Inst. Wash. Pub. No. 466 [1935]; 
». 471). 


: I 2 
| 
i | Per Cent Per Cent 
| 21 | 49.6 10.61 
87 1.6 0.47 
AlQ ........-| 69 10.6 7.84 ( 
| 70 5-70 
P.0;/F MnO... .| 
2 5 
96 1.7 1.53 
10.0 80 4.1 0.22 
13.3 52 0.8 0.07 
| | 10.5 09 | (45.2) { 5-79 
.022 -23 | 10.5 H,0-.. 42) (24.66 
0.040 | 0.42 | 10.5 22 0.4 
| 0.018 0.192 | 10.6 52 37-17 
OI | 100.0 | 100. 33 
4. 


of 

° 


1G. 2.—Concentration of fluorine and phosphorus in various rocks. Ordinate: content of F in hundredths 
of per cent; abscissa: content of PO; in tenths of 1 per cent. E.= ekerite, G = granite, K = kjelsasite, Ld 
= lardalite, Lv = larvikite. 


TABLE 5 
CONCENTRATION OF FLUORINE IN HOT SPRINGS AND IN ROCKS 


Cent | Per Cent 
F | P.O; P.O,/F 


F 
Name of Spring (Mg. per Rock 
Liter) 


Silica sinter* | 0.003 | Nil 


Reykir in Olfus....... 55 Basaltic pebblef | .O15 0.24 «| 16 
il Drill coret | 0.006 0.06 | 10 


I 
° 


From Stekkjatunshver. t From crater of hot spring. t From Reykir in Mosfellssveit. 


PHOSPHATE 
? 


MAGMATIC GASES 


CNAPATITE 


GRANITE 


Fic. 3.—The geochemical cycle of fluorine 
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and fumaroles but that the alkaline hot 
springs have lost alJl primary fluorine be- 
fore they emerge at the surface. But the 
mechanism of this extraction of fluorine 
is not known, nor is the location where it 
takes place. 


CONCLUSION 


It would seem that the cycle of fluo- 
rine is something like this: From inland 
waters and from the sea fluorine is ex- 
tracted by phosphates.” Thereby, min- 
eral deposits with a composition re- 
sembling fluorapatite are formed. These 
deposits represent a station on the road 
back to the igneous rocks. 

The close relation of phosphorus to 
fluorine, so important in the sedimentary 
cycle, does not persist through subse- 
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quent transformations to other types of 
rock. In the lithosphere, fluorine and 
phosphorus gradually become separated 
as is evidenced by the fact that in the late- 
magmatic rocks and in the high-meta- 
morphic sediments fluorine occurs in such 
minerals as mica and hornblende that con- 
tain no phosphorus. 

Figure 3 illustrates graphically the 
geochemical cycle of fluorine. 

2G. R. Mansfield (“The Role of Fluorine in 
Phosphate Deposition,’ Amer. Jour. Sci., Vol. 
CCXXXVIII [1940], pp. 863-79) thinks that 
fluorine is caught by phosphorus compounds and 
locked up in insoluble deposits, whereas fluorine 
compounds without phosphorus generally are dis- 
solved and carried away. Since phosphates and 
fluorine seem to have great affinity for each other, 
any conditions affecting phosphate deposition might 
tend also to localize the trapping of fluorine and 
account for its spotty occurrence in sea-bottom 
deposits, as noted by Shepherd. 
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TECTONIC FEATURES OF THE UTLEY META-RHYOLITE 
O. E. GRAM 


ABSTRACT 


In south-central Wisconsin, outcrops of pre-Cambrian igneous rocks occur as monadnocks and ledges 
surrounded by Paleozoic sediments of Cambrian and Ordovician age. A careful study of such features 
as flow structures, chilled zones, inclusions, spheroids, gash veins, and an apparent sill leads to the conclusion 
that there isa minimum of eight separate flows, which were later subjected to stress in a horizontal shearing 
movement, which resulted in the development of an overturned anticline and syncline. During the field 
seasons of 1938 and 1939 the writer made a detailed study of the Utley meta-rhyolite, about 17 miles south 
of Berlin, Wisconsin, and a reconnaissance survey of the other igneous rocks in the area. A map of the 
quarry at Utley was made by a pace-and-compass survey, no other maps being available. 


IGNEOUS ROCKS IN THE AREA 
GENERAL RELATIONS 


The Utley meta-rhyolite is one of a 
group of pre-Cambrian igneous rocks 
which occur at ten separate localities in 
south-central Wisconsin in an area of 
about 750 square miles (Fig. 1). Six of the 
outcrops are acidic extrusives, classed as 
devitrified rhyolites or meta-rhyolites; 
three are intrusive granites; and one is a 
close-to-the-surface, or hypabyssal, in- 
trusive rhyolite. W. C. Alden" reports 
that the presence of other pre-Cambrian 
monadnocks beneath the Paleozoic sedi- 
ments is shown by well-borings at several 
places in the area. In nearly all the locali- 
ties the acid rocks are cut by basic dikes 
of altered diabase or greenstone, and in a 
few cases the main igneous body and the 
basic dikes are cut by dikes of granite 
porphyry. 

The relation of the igneous rocks to the 
Paleozoic sediments is one of noncon- 
formity. A conglomerate marks the base 
of the upper Cambrian St. Croix sand- 
stone wherever it is in contact with the 
underlying igneous masses, the included 
pebbles and boulders being rhyolite frag- 
ments derived from the weathering of the 
pre-Cambrian rocks before Cambrian 


*“The Quaternary Geology of Southeastern 
Wisconsin,” U.S. Geol. Surv. Prof. Paper 106 
(1918), p. 51. 
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submergence. The St. Croix is the only 
Paleozoic sediment in direct contact with 
the pre-Cambrian masses. 


CHEMICAL COMPOSITION AND AGE OF 
THE ROCKS 


Chemically, the igneous rocks exposed 
in the area show a fairly uniform compo- 
sition, and this similarity is the basis for 
assuming a common age. This chemical 
similarity extends beyond the area and 
into the Baraboo region, where the rhyo- 
lites have been described by J. T. Stark? 
as pre-Middle Huronian in age. Thus the 
Utley meta-rhyolite and the other ig- 
neous masses in the area are assumed to 
be pre—Middle Huronian in age. 

Complete analyses of these rocks were 
made by W. W. Daniells, of the Univer- 
sity of Wisconsin, and published by 
W. H. Hobbs and C. K. Leith.’ Table 1 
shows these analyses, with an analysis of 
the Baraboo rhyolite included for com- 
parative purposes. 

As shown by the table, the rocks of 
this area are all characterized by a high 
silica content. Another prominent fea- 


2“Tgneous Rocks in the Baraboo District, Wis- 
consin,” Jour. Geol., Vol. XL, No. 2 (1932), pp. 
119-39. 

3 “Pre-Cambrian Volcanic and Intrusive Rocks 
of the Fox River Valley, Wisconsin,” Univ. Wis. 
Bull. 158, Sci. Ser., Vol. I11, No. 6 (1907), pp. 259- 
63. 
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Geologic map showing location of igneous rock outcrops 
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ture is the predominance of soda over 
potash in many of the localities. In gen- 
eral, these chemical relationships are so 
striking that they strongly suggest a con- 
sanguinity of the rocks. 


PREVIOUS WORK IN THE AREA 


The most comprehensive work done in 
the area was that of Samuel Weidman‘ in 
1898. He described three of the outcrops, 
including Utley, in detail, dealing mainly 
with the microscopic petrography of the 
rocks. 


TECTONIC FEATURES OF THE UTLEY META-RHYOLITE 


TABLE 1 
CHEMICAL ANALYSES OF THE IGNEOUS ROCKS 


GENERAL GEOLOGY OF THE 
UTLEY META-RHYOLITE 


PETROGRAPHIC AND CHEMICAL CHARACTER 


Technically the rock at Utley should 
be referred to as a “‘porphyrytic rhyolite”’ 
in order to signify an extrusive rock as 
distinct from an intrusive, which, with 
the same petrographic character, would 
be termed a “‘rhyolite porphyry.” In ad- 
dition, microscopic examination plainly 
shows that the rhyolite has been meta- 
morphosed, and, in conformity with the 
usage of the United States Geological 


| 
:* | | 5 | | 7 | 8 9 10 
| 73.78 74.62 74.46 73.30 | 71.24 | 72.80 | 78.23 | 79.03 | 73.65 | 73.09 
ALO, | 17.18 | 10.01 | 15.28 | 15.32 | 12.20 | 15.50 | yr.a1 13.23 | 11.19 | 13.43 
Fe,O, | 1.95 1.21 2.04 0.34 1.31 2.57 
FeO 1.64 1.72 | 0.74 0.96 5.44 0.60 1.03 
CaO 0.85 2.43 | 0.92] 1.33] 0.98] 0.52] 0.28] 0.25 2.78 | 2.29 
K,0 4.48 | 3.38] 3.01 | 3.86] 1.86 2.52 | 4.08 2.28 1.86 | 1.58 
2.82 3-33 | 2-57] 3-47 | 4.29 5-70 3-44 3.95 3-74 3.85 
0.12] 0.2 0.58 0. 26 0.81 0.43 0.25 0.19 0.44 0.72 


*1, Montello granite; 2, Pine Bluff and Waushara granites; 3, Observatory Hill rhyolite; 4, Marquette rhyolite; 5, Baraboo 
rhyolite; 6, Endeavor rhyolite; 7, Taylor’s Farm rhyolite; 8, Marcellan rhyolite; 9, Berlin rhyolite; 10, Utley meta-rhyolite. 


Another fairly detailed study of the 
area was made in 1906 by W. H. Hobbs 
and C. K. Leith.’ They discussed the sur- 
face volcanic features in detail and cited 
the lithologic and chemical similarities of 
the rocks as proof of their consanguin- 
ity. 

Since Hobbs and Leith published their 


Survey, it should be called a “‘meta-rhy- 
olite.”” Strictly speaking, therefore, the 
rock at Utley is a porphyritic meta-rhyo- 
lite. For convenience in the following dis- 
cussion this technical nomenclature will 
be disregarded, and the rock will be 
called a ‘‘meta-rhyolite.”’ 

The characteristic texture of the Utley 


report, no further detailed geologic work _ meta-rhyolite is porphyritic. Quartz and 


has been carried on in this area, although 

quarrying operations continuously ex- 

posed new surfaces until 1929. 
‘“Pre-Cambrian Igneous Rocks of the Fox 


River Valley, Wisconsin,” Wis. Geol. and Nat. 
Hist. Surv., Bull. 3 (1898). 


5 Pp. 247-78 of ftn. 3. 


feldspar phenocrysts are present in ap- 
proximately equal proportions. The 
quartz phenocrysts possess good crystal 
form, have a limpid appearance, and are 
fairly uniform in size, averaging about ,', 
inch in diameter. The feldspar pheno- 
crysts are flesh-colored to white, are very 
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conspicuous by their color contrast with 
the dark groundmass, and show a wide 
variation in size, ranging from less than 
;'s to 2 inch in diameter. The groundmass 
is uniformly aphanitic and almost glassy 
in the hand specimen, although micro- 
scopic examination reveals a porphyritic 
texture. In color the groundmass is very 
dark to black, a somewhat uncommon 
color in rhyolites. 

Quartz and feldspar are the only min- 
erals recognizable megascopically; but 
the type of feldspar cannot be deter- 
mined, although the flesh color is sug- 
gestive of an alkalic variety. Microscopic 
examination of thin sections reveals two 
varieties of feldspar which occur either 
alone or together in an interlocking struc- 
ture known as “microperthite.’’ The 
more common variety has the extinction 
angle of albite, and it is probable that the 
lesser variety is microcline. No orthoclase 
was found in any of the thin sections. 

Under the microscope the groundmass 
of the meta-rhyolite shows a definite 
porphyritic texture, with quartz and 
feldspar making up most of the larger 
crystals. The presence of hornblende in 
the original rock is shown by altered 
phenocrysts with the characteristic crys- 
tal outline of hornblende. In all cases sev- 
eral new minerals occupy the space of the 
original hornblende. Samuel Weidman‘ 
lists eight such minerals, namely, biotite, 
sericite, quartz, magnetite, epidote, 
sphene, apatite, and zircon. The writer 
noted all these minerals except sphene 
and zircon. 

The smaller crystals in the ground- 
mass are more difficult to identify. Here 
Weidman lists eleven minerals, including 
biotite, muscovite, sericite, calcite, horn- 
blende, sphene, epidote, apatite, zircon, 
magnetite, and pyrite. In addition to 
these minerals, the writer noted a con- 


6 Pp. 30-31 of ftn. 4. 
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siderable amount of chlorite, relatively 
small amounts of kaolinite, fairly large 
amounts of calcite, and two other miner- 
als which are probably iddingsite and 
limonite or goethite. Fluorite is present 
as a secondary infiltration product, ap- 
parently having been deposited from 
solutions circulating along fissures. Sider- 
ite is common as a secondary filling of 
vugs and cavities in the spheroid zones. 


PROOF OF DEVITRIFICATION 


Although the groundmass of the meta- 
rhyolite is holocrystalline in its present 
state, evidence exists to prove that this 
crystallization is of secondary nature and 
that the groundmass was originally a 
glass. This devitrification is in keeping 
with the fact that few, if any, pre-Cam- 
brian of Paleozoic rhyolites with glassy 
bases have ever been reported, for all of 
them have been more or less completely 
devitrified. 

The primary evidence of an initially 
glassy character of the groundmass is the 
presence of perlitic cracks, spherulites, 
and crystallites. According to F. F. 
Grout’? and many other petrographers, 
these textures develop only in glasses, 
and their presence in a holocrystalline 
rock is taken as a sign of an original 
glassy texture. 

Further evidence that the Utley meta- 
rhyolite is a devitrified glass is the dis- 
appearance under crossed nicols of some 
of the original textures of the rock. Per- 
litic and fluxion textures are easily recog- 
nizable in ordinary light, but these tex- 
tures are lost under crossed nicols in a 
homogeneous holocrystalline ground- 
mass. In the few instances in which per- 
litic partings do not disappear, there is 
pronounced crystallization along the 
partings. Spherulites are rare under 


7 Petrography Petrology (New 
McGraw-Hill Book Co., Inc., 1932), p. 115. 
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crossed nicols and always tend to grade 
imperceptibly into the crystalline 
groundmass. 

Devitrification also is suggested by the 
mottled texture common in the meta- 
rhyolite in which crystals of quartz and 
feldspar include small patches of miner- 
als identical with the groundmass. These 
patches have apparently resulted from 
devitrification of glass which occupied 
embayments in quartz and feldspar crys- 
tals, a feature frequently observed in the 
phenocrysts of rhyolites and attributed 
to resorption. The mottled texture is not 
truly poikilitic, but because of its close 
resemblance might be called “pseudo- 
poikilitic.” 

The presence of spherulites is a com- 
mon occurrence in a glass, as spherulites 
represent rapid growths in a quickly 
cooling magma. The relative scarcity of 
spherulites in the Utley meta-rhyolite 
suggests that they have been obliterated 
in the process of devitrification, and the 
gradation of those that are present into 
the holocrystalline groundmass suggests 
that they are partially obliterated rem- 
nants of the originals. 


STRUCTURAL GEOLOGY OF THE 
UTLEY META-RHYOLITE 
EXTRUSIVE CHARACTER OF THE ROCK 

Field evidence suggesting that the 
Utley meta-rhyolite is an extrusive body 
is by no means abundant, but the few 
structual features present are fairly con- 
clusive of such an origin. Flow structure 
is evident in one locality and is suggested 
in others. Chilled zones are present. 
Oval-shaped inclusions are distributed 
throughout the mass of rhyolite, and 
their elongation in a common direction 
suggests orientation in a flow. Paralleling 
the flow structure are several layers of 
spheroids, which suggest weathered sur- 
faces of separate flows. Gash veins, de- 
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veloped by flows slipping over one an- 
other during folding, and volcanic breccia 
are other features supporting the extru- 
sive nature of the rhyolite (Fig. 2). 

The field evidence is strongly support- 
ed by laboratory evidence. In thin sec- 
tions many textures may be seen which 
are characteristic of flows. The devitri- 
fied groundmass indicates an original 
glass, which in itself is suggestive of a 
flow. The presence of numerous crystal- 
lites, including margarites, globulites, 
and single and radiating trichites, gives 
evidence of the rapid cooling of the origi- 
nal magma. Fluxion or flow texture is 
prominent and can be observed in most 
of the thin sections. Generally, this tex- 
ture is accentuated by the presence of 
numerous magnetite grains arranged in 
lines parallel to the direction of flow. 
Devitrification causes this texture to dis- 
appear under crossed nicols. Perlitic 
partings are common, and they are sug- 
gestive of rapid cooling, with consequent 
contraction in an extrusive body. 


STRUCTURAL FEATURES 
THE LAYERS OF SPHEROIDS 


Occurring in several different zones 
throughout the mass of meta-rhyolite at 
Utley are bodies of ellipsoidal shape 
caused by weathering along spheroidal 
partings. In describing these bodies, 
Weidman* appropriately used the term 
“spheroid.” The spheroids vary in size 
from } to 2 or more inches in diameter. 
Generally, they are elongated in a north- 
east-southwest direction. They are com- 
posed of a core having a porphyritic tex- 
ture and containing the same minerals 
as the normal meta-rhyolite (but with a 
greater proportion of kaolinite and seri- 
cite) surrounded by an alteration zone 
made up of kaolin, sericite, and chlorite. 
The kaolinite and sericite suggest weath- 

8 Pp. 6-7 of ftn. 4. 
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Structure map of the Utley quarry 
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ering of feldspars, which may have 
formed during devitrification along the 
spheroidal partings. 

The spheroidal zones apparently rep- 
resent tops of flows, for the most clearly 
defined zone shows a sharp contact with 
the meta-rhyolite to the north and a 
gradation into that to the south. If this 
interpretation is correct, it is probable 
that water solutions had easy access to 
the spheroid zones, with a resultant 
weathering of minerals along partings. 

Many of the spheroids contain cavities 
or vugs partially or entirely filled with 
secondary minerals. Quartz, in well- 
formed crystals, is most common. Other 
minerals are siderite, limonite, cal- 
cite, kaolinite, and hematite. The origin 
of these cavities is not entirely clear, but 
escaping gases probably played a major 
role in their formation. 

The spheroids occur in at least five dif- 
ferent zones (Fig. 2), two of which prob- 
ably represent the top of the same flow. 
One zone follows the present surface of 
the meta-rhyolite in the northeastern 
part of the outcrop. This zone is charac- 
terized by large numbers of nutlike 
masses or nodules on a weathered sur- 
face. The thickness of the zone is from 1 
to 2 feet, but part of it may have been 
eroded or planed off by glacial action. 
Dipping 20° to the south, this zone prob- 
ably represents a continuation of one of 
the other four spheroidal zones. 

The other four layers of spheroids oc- 
cur in the outcrop south and southeast of 
the central quarry. All dip between 80° 
and 85° to the south and strike N. 70° W. 
to N. 80° W. Their thicknesses vary from 
a few inches to more than 4 feet. The 
thickest zone occurs on a vertical face in 
the southeast part of the central quarry 
and also on the floor of the quarry west 
of this face. The spheroids in this zone 
are well defined, but more or less widely 


scattered, in comparison with the closely 
packed spheroids of the other zones. 
About 35 feet south of this zone is the 
most clearly defined layer of the outcrop, 
about 15 inches wide and made up of 
closely packed spheroids. The spheroids 
in this zone show a sharp contact with 
the meta-rhyolite to the north and a 
gradation into the meta-rhyolite to the 
south. 

Between the two layers of spheroids 
described above is a zone on the south- 
west side of the central quarry which in- 
cludes at least two more layers. The 
spheroids in these layers are small, vary- 
ing between } and 3 inch in diameter, and 
on a weathered surface they give the ap- 
pearance of rings and chains. These layers 
are about 4 feet apart, and both dip 82° 
S. and strike N. 70° W. They can be 
traced for only a few feet, for to the east 
the meta-rhyolite has been removed by 
quarrying, and to the west they disap- 
pear into the vertical face of the quarry 
wall. 

THE VOLCANIC BRECCIA 

On the south face of the central quarry 
is a zone in which angular fragments of 
meta-rhyolite occur in a dark felsitic 
groundmass. These fragments show a 
small amuunt of resorption around their 
outer boundaries, this resorption being 
best shown by a slight reaction rim a- 
round the feldspar crystals and by em- 
bayments in quartz crystals. The long 
axes of most of these fragments parallel 
the strike of the spheroid layers and the 
other structural features. The boundaries 
of this zone are indistinct because of the 
quarrying of the meta-rhyolite to the 
north and the weathering of the rock to 
the south. 

In discussing this zone, Weidman? im- 
plies that it is not a volcanic breccia be- 
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cause there is no trace of vesicular tex- 
ture. However, a volcanic breccia is not 
necessarily characterized by such a tex- 
ture. Many flows fail to exhibit a vesicu- 
lar texture either because there was a 
minimum of gas in the magma or because 
the viscosity of the magma was so high 
that the gas could not escape. 

According to the definitions of various 
igneous breccias as given by Grout,*° 
these angular fragments constitute an 
eruptive breccia, in contrast to flow brec- 
cia and contact breccia. In all probabili- 
ty the fragments represent previously 
solidified rhyolite in the walls of the con- 
duit which were shattered and dispersed 
in a flow. This flow differs from others in 
the area in its extremely fine-grained fel- 
sitic character, which probably was due 
to a relatively high viscosity of the mag- 
ma. Microscopic examination of thin sec- 
tions reveals a high silica content, which 
undoubtedly increased the viscosity. The 
relatively small amount of resorption of 
the fragments and the concentration of 
the breccia in a small area are also sug- 
gestive of a magma of high viscosity, for 
in a more fluid magma there would be ex- 
pected more resorption of the included 
fragments, as well as a wider dispersion 
of them throughout the flow. 


FLOW STRUCTURE 


A few feet northwest of the breccia is 
a limited zone in which excellent mega- 
scopic flow structure is developed. Strik- 
ing N. 85° W. and dipping 82° S., this 
structure is clearly defined by weather- 
ing, which causes small ridges to stand 
out on the surface, where the crystals 
have a linear arrangement. The strike 
reading cannot be considered accurate 
because of the very limited exposure of 
the structure. 


119 of ftn. 7. 


INCLUSIONS 


Widely scattered throughout all parts 
of the outcrop are many incusions which 
are ellipsoidal masses of meta-rhyolite, 
differing from the normal rock in the 
greater size of the quartz and feldspar 
phenocrysts and in the extreme darkness 
of the groundmass. They vary in size 
from 1 to 8 inches in their long diameter, 
and most of them are elongated in an 
east-northeast direction. Many occur 
singly, but others are found in groups 
(Fig. 2.). 

Dip readings were obtained in only a 
few instances, for most of the inclusions 
are seen on horizontal surfaces. Single in- 
clusions on vertical faces of the east quar- 
ry vary in dip from 18° to 22° S., with the 
exception of one, which dips 7° S. On the 
northeast wall of the pit in the central 
quarry, ten inclusions in two groups 
about 12 feet apart occur on a vertical 
face, and all of them dip 22° S. An inter- 
esting characteristic is the flatness of 
these inclusions in the plane of dip and 
strike, all being three to six times as long 
in the direction of dip as they are normal 
to it. This suggests flattening or deforma- 
tion through folding. 

The origin of the inclusions is not en- 
tirely clear. They could have originated 
in at least three different ways, namely, 
(1) fragmental material blown into the 
air in a semiplastic state and falling back 
into the flows, (2) erosional fragments of 
solidified flows being engulfed in fresh 
flows, and (3) solidified rhyolite, which 
was torn loose from the walls of the con- 
duit by rising magma, which flowed out 
onto the surface. The ellipsoidal shape of 
the inclusions can be explained by any of 
the three theories; but the scattered dis- 
tribution, the large size of the pheno- 
crysts, and the character of the ground- 
mass are most satisfactorily explained by 
the third theory. If this hypothesis is 
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correct, the inclusions were formed in the 
same manner as the eruptive breccia; 
but, because they were included in a flow 
of lower viscosity, their angularity was de- 
stroyed by resorption, and they assumed 
an ellipsoidal shape oriented in the direc- 
tion of the flow. The increased size of the 
phenocrysts is probably due to renewed 
crystal growth when the fragments were 
included within the hot magma, and the 
increased size of grain in the groundmass 
is similarly explained. Reaction rims a- 
round phenocrysts near the contact be- 
tween the inclusions and the meta-rhyo- 
lite are common, as would be expected 
under this theory. 


GASH VEINS 


On the east face of the central quarry 
is a series of small quartz stringers and 
lenses, which appear to be gash veins, 
filling fractures which presumably devel- 
oped during folding of the flows. In one 
zone the veins run out horizontally to the 
south from two joint planes, which dip 
18° S. In the other zone, a few feet to the 
north, the veins run out horizontally on 
both sides of a joint plane. A theoretical 
application of horizontal compression 
and vertical tension to these zones sug- 
gests that the rhyolite above each joint 
moved north with respect to the meta- 
rhyolite below, this conclusion being in 
harmony with the structure of the out- 
crop. 

CHILLED ZONES 

Near the top of a vertical face in the 
south-central quarry is a zone of dark 
aphanitic rock about 3 inch thick, strik- 
ing N. 80° W. and dipping 30° S. Presum- 
ably representing the chilled surface of a 
flow, it is the only clue to the structure of 
the southern part of the outcrop. 

In the central part of the outcrop, on 
the southeast side of the central quarry, 
are two well-defined chilled zones, which 
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represent the top and bottom of a flow, a 
sill, or the edges of a dike. The relations 
of this body to the surrounding meta- 
rhyolite are confusing. The contact be- 
tween the chilled zones to the south and 
the meta-rhyolite is very irregular, being 
fairly smooth near the base of the quarry, 
quite wavy halfway to the top, and ex- 
tremely jagged near the top. The other 
chilled zone is more regular. Between 
these two zones the rock grades into a 
meta-rhyolite that is almost identical 
with the main mass of meta-rhyolite. In 
a few places the chilled zone disappears, 
and the porphyritic meta-rhyolite runs 
out to the contact, the latter, however, 
remaining distinct. In the meta-rhyolite 
on both sides of this body is a well-de- 
fined banding which is due to an align- 
ment of feldspar phenocrysts parallel to 
the contact. This banding is noticeable 
only in the lower part of the zone. 

The strike of this body cannot be de- 
termined with any degree of accuracy be- 
cause of its very limited exposure at the 
top of the quarry, but the small zone ex- 
posed strikes approximately N. 65° W. 
and dips 82° S. to vertical. In thickness it 
ranges from 2 feet near the base of the 
quarry to almost 5 feet at the top. Min- 
eralogically its composition is identical 
with the main mass of meta-rhyolite. 

No conclusive evidence exists to prove 
whether this body is a flow, a dike, or a 
sill, but the writer favors a sill. The fact 
that the banding of feldspar phenocrysts 
occurs on both sides of the body suggests 
that it is an intrusion rather than a flow, 
for exomorphic effects of a flow would be 
limited to the rhyolite beneath the flow. 
As previously stated, the coarse grained 
phase of this body in places extends all 
the way to the contact, thus eliminating 
the chilled zone. This is an improbable 
occurrence in a flow but is not uncommon 
in an intrusive body. Further evidence 
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favoring an intrusion is negative and in- 
cludes a lack of fluxion texture in thin 
sections, a lack of xenoliths, and a lack of 
vesicular texture. 


INTERPRETATION OF THE STRUCTURE 


From the foregoing evidence there 
seems little doubt that the Utley meta- 
rhyolite is a series of extrusions. Eight 
separate flows are recognized, although in 
some cases the evidence is meager. Sphe- 
roids mark the upper surface of at least 
four, and possibly five, flows. The sill-like 
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the meta-rhyolite outcrop. All features 
with sufficient exposure to permit accu- 
rate strike readings to be taken show a 
strike ranging from N. 70° W. to N. 80° 
W. and the remaining features with 
limited exposures closely approximate 
this strike. The dip readings obtained are 
strongly indicative of an overturned anti- 
cline (Fig. 3) with a south flank dipping 
30° S., as shown by the chilled zone in the 
south-central quarry, and a north flank 
overturned to 82° S., as shown by the 
sill (?), chilled zones, and spheroids on 


A ° 50 100 


200 300 feet B 


body with its chilled zones presumably 
separates two flows, for if it is a sill it 
would be expected to intrude between 
flows. The chilled zone in the south-cen- 
tral part of the outcrop marks the top of 
another flow. The volcanic breccia may 
or may not mark a separate flow, and the 
spheroid zone between the central and 
east quarries may represent the surface 
of still another flow unless it is a contin- 
uation of one of the spheroid layers to the 
southwest. The thickness of the definitely 
established flows ranges from 4 to 40 
feet or more. 

The attitude of the various features 
described in the preceding pages gives a 
definite clue to the geologic structure of 


Fic. 3.—Theoretical structure section along line A—B. (See Fig. 2 for legend) 


the south side of the central quarry. The 
spheroids and inclusions in the northern 
part of the outcrop show a reversal, form- 
ing a syncline with a north flank dipping 
approximately 22° S. The axes of the 
folds strike N. 75° W., and the axial plane 
of the overturned anticline dips 57° S., 
while that of the syncline dips 52° S. 
(Fig. 2). 
THE JOINT SYSTEM 

In an attempt to determine the type of 
regional stress which caused the deforma- 
tion of the rhyolite flows at Utley, the 
writer spent several days mapping the 
major joints or master-joints. After elim- 
inating from consideration those joints 
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which were apparently related to the 
joints in the associated sediments in the 
area, three prominent sets were discov- 
ered, these sets striking N. 70° E., N. 2° 
E., and N. 32° W. Other joints were 
grouped into less prominent sets, the 
most prominent of which had a strike of 
N. 70° W., which parallels the strike of 
the folds, thus suggesting that they are 
tension joints. This conclusion is further 
justified by the very steep dip of these 
joints, their curved and irregular sur- 
faces, and the fact that their occurrence 
is limited mainly to the area which 
roughly corresponds to the crest of the 
anticline. 

Both the steeply dipping N. 32° W. 
and the N. 70° E. joints show character- 
istics of true shear joints in their smooth, 
plane surfaces. Nearly horizontal slick- 
ensides are common, especially along the 
planes of the N. 70° E. set. If these are 
true shear joints, they should furnish a 
clue to the direction of regional stresses. 

Resistance to shearing along fracture 
planes is a composite of the strength of 
the rocks against shearing and their fric- 
tional resistance to motion." The rupture 
has been proved theoretically to be 45° 
with the direction of stress, provided that 
friction is neglected. Actually, the effect 
of friction will cause this angle to ap- 
proach 30°—35° with the direction of com- 
pressive stress in brittle material. Ac- 
cording to the shear theory, the direction 
of maximum compressive stress will al- 
ways bisect the acute angle between 
planes of fracture, provided that the 
stress is nonrotational. This theory can- 
not be applied to the Utley meta-rhyo- 
lite because the direction of maximum 
stress would have had to be from N. 71° 
W., in order to bisect the acute angle be- 


™C. M. Nevin, Principles of Structural Geology 
(New York: John Wiley & Sons, Inc., 1936), p. 17. 


tween the major shear planes. This di- 
rection parallels the axes of folding and 
is therefore impossible. G. F. Becker,” 
however, suggested that fracturing oc- 
curs where the strain is greatest. In other 
words, the plane of max’mum strain will 
be a plane of fracture, and the obtuse 
angle between sets of fractures will face 
the direction of nonrotational stress." By 
applying this theory, known as the 
“strain theory,” to the joints and folds at 
Utley, the direction of maximum com- 
pression would have been from N. 19° E. 
A nonrotational stress from such a direc- 
tion would develop the existing joint pat- 
tern and the folds at Utley almost per- 
fectly, for the stress would be at right 
angles to the strike of the folds, would 
bisect the obtuse angle between the 
shear joints, and would produce the N. 
70° W. tension joints. The N. 2° E. joints 
would not be entirely in accordance with 
this pattern, but friction could cause the 
discrepancy from the theoretically per- 
fect development. However, an applica- 
tion of the strain ellipsoid to this pattern 
shows that under a nonrotational stress 
of this type it would be necessary to have 
the easiest relief lateral instead of verti- 
cal, in order to obtain the joint pattern 
existing at Utley. Because it is difficult to 
reconcile easy lateral relief with folding 
of any great extent and because compres- 
sive stresses are more often applied tan- 
gentially with a resulting rotational 
strain, a horizontal nonrotational stress 
such as described above must be consid- 
ered to be in a doubtful category. 

If a rotational stress in the form of a 
horizontal shearing movement is applied 
to the Utley rhyolite, the existing joint 


“Finite Homogeneous Strain, Flow, and 
Rupture of Rocks,” Bull. Geol. Soc. Amer., Vol. IV 
(1893), pp. 13-90. 


"3 Recent laboratory experiments by Griggs have 
tended to discredit Becker’s analysis. , 
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pattern and the folds can be explained. 
Experimental work by W. J. Mead" 
showed that horizontal shearing move- 
ments first produced tension cracks in- 
clined about 45° to the direction of move- 
ment. These fractures were immediately 
followed by two sets of nearly vertical 
shear fractures, one striking parallel to 
the direction of movement and the other 
parallel to the free side. Folding in such 
a case developed at approximately right 
angles to the first tension fractures. If the 
deformation at Utley was due to a hori- 
zontal shearing couple from N. 32° W. 
and S. 32° E., the first fractures to form 
would tend approximately N. 13° E. 
Since friction would cause a variation in 
the inclination of these fractures to the 
direction of shearing movement, the N. 
2° E. joints might easily be the primary 
tension fractures. The two sets of shear 
fractures would then correspond to the 
N. 70° E. joints, which closely parallel 
the free side, and the N. 32° W. joints, 
which parallel the direction of movement. 
At the same time, folding would occur, 
and the axes of the folds would trend N. 
77° W., which closely corresponds to the 
trend of the folds at Utley and which 
would give rise to tension fractures, such 
as those striking N. 70° W. However, the 
folds developed in Mead’s experiments 
are difficult to explain because of the N. 


™4 “Notes on the Mechanics of Geologic Struc- 
ture,” Jour. Geol. Vol. XXVIII (1920), pp. 505-23. 
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71° W. easy lateral relief developed under 
a rotational stress of this type. 

The writer feels that no definite con- 
clusions regarding stress conditions in 
the area can be drawn until such time as 
all the other igneous outcrops are studied 
in detail. The joint system at Berlin, 
about 17 miles north of Utley, is extreme- 
ly complicated and does not fit the pat- 
tern at Utley. However, the Berlin rhyo- 
lite offers one clue in its very pronounced 
cleavage system, this cleavage paralleling 
the northeast axis of the outcrop. Since 
cleavage develops in a plane normal to 
the shortening, it is probable that the 
stress at Berlin operated from a north- 
westernly or southeasterly direction. 
This fact suggests that a_ horizontal 
shearing movement from N. 32° W to 
S. 32° E. at Utley must be considered as 
a strong possibility. 
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DISCOVERY OF LETTERS BY LYELL AND DARWIN 


HENRY P. ZUIDEMA 
University of Michigan 


ABSTRACT 


Original letters written by Sir Charles Lyell to the Rev. Charles Kingsley and the Rev. John Pye 
Smith and also a letter from Charles Darwin to James Croll on alternate glaciation of northern and southern 
hemispheres were found recently between the pages of the first edition (Vol. III) of Lyell’s Principles of 
Geology. The Lyell letters do not appear in previously published biographical material on Lyell. In his 
letter to Kingsley, Lyell expresses his interest in the exploration of the Green and Colorado rivers by John 
Wesley Powell. To Dr. Smith he reveals his belief that the waves of immigration of Europeans into the 
United States in the 1840’s, “like the irruptions of the Goths & Vandals, are doing their utmost to overwhelm 
the indigenous civilization, but against which a noble stand is making.” 


While reading Volume III of the first 
edition of the Principles of Geology by 
Charles Lyell’ recently, the writer was 
agreeably surprised to discover two origi- 
nal letters written by Lyell and, on fur- 
ther examination of the book, a letter sent 
by Charles Darwin to James Croll on No- 
vember 24, 1868, on the subject of al- 
ternate glaciation in the northern and 
southern hemispheres. The letters, loose- 
ly placed between the pages of the Prin- 
ciples, are in excellent condition. The 
Detroit bookseller from whom the writer 
purchased the book, with the companion 
volumes, was unable to provide any clue 
to their previous ownership, and the 
writer has no pertinent information 
which would permit tracing the letters 
along their evidently devious travels. 

The Lyell letters are to the Rev. 
Charles Kingsley, written April 26, 1871, 
and to the Rev. John Pye Smith (June 2, 
1849). From an examination of the 
known Lyell correspondence, these ap- 
pear to be heretofore unpublished letters. 
The letter from Darwin to Croll evi- 
dently was written by Mrs. Darwin but 
is signed by Darwin and is mentioned in 
the two-volume compilation, More Let- 
ters of Charles Darwin, 

Few records of Lyell’s activity during 

' Principles of Geology (3 vols.; London: John 
Murray, 1830-33). 


the six years prior to his death in 1875 
are preserved, but these few show that 
the great uniformitarian retained his 
keen interest in geology to the end and 
showed no evidence of declining mental 
strength. 

The note to Kingsley is on stationery 
bearing the Lyell address, 73 Harley 
Street, London W, embossed in blue, and 
was written four years before Lyell’s 
death, as he was revising his tenth edi- 
tion of the Principles. The letter reads as 
follows: 


My DEAR KINGSLEY 

On my return from a geological Easter tour 
to Devon and Cornwall, I find your very kind 
note & very curious & instructive (?) Report by 
Major Powell on the cafons of the Rio Colo- 
rado. I must read it again when the work is out 
as I cannot yet fully understand the country. 
The chines as they call them in Hants near 
Xchurch & Bournemouth are I suppose diminu- 
tive cafions. 

I hope soon to hear an account of yourself 
and family. 

My wife desires her kindest remembrances & 
believe me 

Ever most truly ys 
Cua LYELL 


‘The ‘chines’ of Hants (Hampshire) 
and the Isle of Wight are, in the words of 
Horace B. Woodward, ‘gullies which 


More Letters of Charles Darwin, ed. Francis 
Darwin and A. C. Seward (London: John Murray, 
1903). 
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have been formed by the action of 
springs in making their way over the 
cliffs into the sea.’’ 

Lyell’s excursions frequently took 
him to the coast in the Christchurch- 
Bournemouth area, where the Eocene 
strata have been deeply incised. 

When the letter was written, Major 
Powell was at Green River, Wyoming, 
preparing for his second trip down the 
Green and the Colorado and had prob- 
ably already made his observation that 
“the Uintas rose no faster than the Green 
could erode.” 

The energetic and versatile Powell, 
who had lost part of an arm at Shiloh and 
had collected fossils while his men dug 
trenches before Vicksburg, now was des- 
tined to write one of the most dramatic 
chapters in American geology. He could 
not have known that the vast canyons of 
the Southwest were being compared 
across the Atlantic to “the chines in 
Hants” or that Lyeil, the master whose 
ideas Powell had championed in America 
in the face of stubborn opposition, was 
eagerly awaiting publication of Powell’s 
papers, “‘the better to understand the 
country.” 

The four tours of Lyell in the United 
States three decades earlier had taken 
him only to the Mississippi. We can only 
wonder what impetus he might have 
given to the development of American 
geology, had circumstances permitted 
him to travel into the then still untamed 
West. 

Kingsley, canon of Chester, sociolo- 
gist, and geologist, is better known as the 
author of Westward Ho! and The Water 
Babies. He also wrote Town Geology, an 
introduction to geology for the people of 
Chester. He met Darwin in 1854, at the 
Linnaean Society and recalled Darwin as 
“a quiet, meek man, very anxious to 


3 Geology of England and Wales (London: Long- 
mans, Green & Co., 1876). 
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know whether I really ‘denied the atone- 
ment,’ on which point, I think, I satisfied 
him.” 

Lyell met Kingsley in 1860, the year in 
which the exuberant Huxley, slapping 
the knees of a friend next to him and 
uttering, ““The Lord hath delivered him 
into my hands,” launched into his reply 
to the Bishop of Oxford, who was at the 
time attacking Darwin’s newly pub- 
lished Origin of Species. 

Darwin, Lyell, and Kingsley kept up a 
sprightly correspondence through the 
years, and the influence of the great 
naturalists on the theologian-geologist is 
apparent in Kingsley’s letter to a friend, 
the Rev. F. D. Maurice, in 1863: 

Iam very busy working out points of Natural 
Theology, by the strange light of Huxley, Dar- 
win and Lyell. The state of the scientific mind 
is most curious; Darwin is conquering every- 
where, and rushing in like a flood, by the mere 
force of truth and fact. The one or two who hold 
out are forced to try all sorts of subterfuges as 
to fact, or else by evoking the odium theologi- 
cum, 


The four visits of Lyell to the United 
States were made during a great tide of 
immigration, such as the country had 
never seen before. In 1844 alone, 297,000 
European emigrants came to America. 
In 1845, during his second visit, 114,000 
were admitted. The Irish famine brought 
another deluge of newcomers in the suc- 
ceeding years, and by 1850 the total 
population was in excess of 23,000,000. 

What he saw in Boston, in New York, 
and in the rude hinterland and the 
babble of foreign tongues that he heard 
caused Lyell much concern, as witness 
his letter to Dr. Pye Smith in 1849, fol- 
lowing his return to England: 


My DEAR SIR 

I have given orders to my publisher to send 
a copy of my book to Jackson & Wolfe 18 St. 
Paul’s Ch y’d, of which I beg your acceptance, 
It is entitled a Second Visit to the United States 
& I hope that none of my allusions in the 11th 
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and 12 Chapters v. 1. to the Congregational or 
Independent Churches are offensive to your 
views in reference to the bearing of the organ- 
ization of such churches on the educational 
movement now in progress in those parts of the 
Union which are least kept back by emigration 
from Europe which like the irruptions of the 
Goths & Vandals are doing their utmost to over- 
whelm the indigenous civilization but against 
which a noble stand is making. 
Believe me 
Sincerely yours 
Cua LYELL 

Dr. Pye Smith 

The Rev. John Pye Smith (1774-1851) 
was pastor for forty-three years of the 
(Independent) Gravel Pits Chapel at 
Homerton, a Fellow of the Royal So- 
ciety, and author of The Mosaic Account 
of the Creation and the Deluge Illustrated 
by the Discoveries of Modern Science 
(1837) and Scripture and Geology (1839). 

The library of Dr. Smith no doubt al- 
ready held a copy of Lyell’s Travels in 
North America, with Geological Observa- 
tions on the United States, Canada and 
Nova Scotia,’ the nongeologic chapters 
therein containing this paragraph: 

The state of Ohio has always punctually dis- 
charged the interest of her debt by direct taxes 
imposed for that special purpose, although there 
has been a deficit from the beginning on the 
proceeds of her public works. She is of recent 
origin, and her growth has been more rank and 
luxuriant than that of any other State of the 
Union. An influx of illiterate Irish, Welsh and 
Westphalian settlers, has tended to lower the 
educational qualifications of her electors, con- 
sidered as a whole; but she came of a good New- 
England stock, which, like the philosopher’s 
stone, has converted much of baser metal into 
gold. 


Now, four years after the appearance 
of this volume, Dr. Pye Smith, upon re- 
ceiving his complimentary copy of Sec- 
ond Visit to the United States, found addi- 
tional fears concerning the future of the 
Union in Lyell’s description of a “repeal 
meeting” in Boston, where ‘‘an orator 
with an Irish accent, addressed the 

42 vols.; London: John Murray, 1845. 
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crowd on the sufferings of the Irish 
people precisely as if he had forgotten on 
which side of the Atiantic he then was!” 

The Darwin letter of 1868 to James 
Croll, one of the documents found be- 
tween the pages of my copy of Lyell’s 
Principles, is as follows: 

Dear SIR 

I have read with the greatest interest the 
last paper which you have kindly sent me. Ii we 
are to admit that all the scored rocks through- 
out the more level parts of the United States re- 
sult from true glacier action it is a most wonder- 
ful conclusion & you certainly make out a very 
strong case; so I suppose I must give up one 
more cherished belief. But my object in writing 
is to trespass on your kindness & ask a question, 
which I dare say I c’d answer for myself by 
reading more carefully, as I hope hereafter to 
do, all your papers; but I shall feel much more 
confidence in a brief reply from you. 

Am I right in supposing that you believe 
that the glacial periods have always occurred 
alternately in the northern and southern hemi- 
spheres; so that the erratic deposits which I 
have described in the S. parts of America & the 
glacial work in New Zealand c’d not have been 
simultaneous with our glacial period. From the 
glacial deposits occurring all round the North- 
ern hemisphere & from such deposits appearing 
in S. America to be as recent as in the North, & 
lastly, from there being some evidence of the 
lower descent of glaciers all along the Cor- 
dillera, I inferred that the whole world was at 
this period cooler. It did not appear to me 
justifiable without distinct evidence to suppose 
that the N. and S. glacial deposits belonged to 
distinct epochs; tho’ it wd have been an im- 
mense relief to my mind if I cd have assumed 
that this had been the case. 

Secondly, do you believe that during the 
glacial period in one hemisphere, the opposite 
hemisphere actually becomes warmer, or does it 
merely retain the same temperature as before? 

I do not ask these questions out of mere 
curiosity, but I have to prepare a new ed. of 
my Origin of Species, & am anxious to say a 
few words on this subject on yr authority. I 
hope you will excuse my troubling you. 

Pray believe me 
Very faithfully yours 
(Sgd.) CHARLES DARWIN 


Darwin was seeking an explanation 
for the observed distribution of plants 
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and animals and was turning more and 
more to the astronomical theory of Croll 
(1821-90), the Scottish geologist and 
climatologist, and away from the opinion 
of his old friend, Lyell, who consistently 
maintained that geographical changes 
are the principal, and not the subsidiary, 
causes of glaciation. 

A zealous disciple of Lyell ever since 
he had first read Lyell’s Principles as a 
youth while on the epochal cruise of the 
“Beagle,’”’ Darwin now chose to differ 
from Lyell regarding the validity of 
Croll’s views. In 1866, two years before 
the letter to Croll was written, Lyell 
wrote to Darwin as follows: 


I have been doing my best to do justice to 
the astronomical causes of former changes of 
climate, as I think you will see in my new 
edition [the tenth, first vol. published in Novem- 
ber, 1866, the second in 1868] but I am more 
than ever convinced that the geographical 
changes are, as I have always maintained, the 
principal and not the subsidiary ones. .... In 
my winter of the great year, I gave you in 1830 
cold enough to annihilate every living thing. 
The ice now prevailing at both poles is owing to 
an abnormal excess of land, as I shall show by 
calculation. Variations in eccentricity fof the 
orbit] have no doubt intensified the cold when 
certain geographical combinations favored 
them, but only in exceptional cases, such as 
ought to have occurred very rarely, as paleon- 
tology proves to be the case. 

Ever most truly yours, 
CHARLES LYELL 


For Darwin, however, the Croll theory 
gained in appeal, and his letter to Croll 
followed. This letter was followed by an- 
other from Darwin, a few months later, 
in which Darwin wrote Croll: 


Sir C. Lyell, who is staying here, is very un- 
willing to admit the greater warmth of the S. 
hemisphere during the Glacial period in the N; 
but, as I have told him, this conclusion which 
you have arrived at from physical considera- 
tions, explains so well whole classes of facts in 
distribution, that I must joyfully accept it; in- 
deed, I go so far as to think that your conclusion 
isstrengthened by the facts of distribution. ... . 
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In 1872, Darwin, in his sixth edition of 
the Origin of Species, abandoned his cau- 
tiously worded statement of earlier edi- 
tions, in which he indicated belief in a 
world entirely colder during glacial 
times. He now gave considerable space to 
Croll’s ideas, adding that “this [Croll’s] 
conclusion throws so much light on geo- 
graphical distribution [of animals and 
plants] that I am strongly inclined to 

In the same year there appeared 
Lyell’s eleventh edition of the Principles 
of Geology, revised, and Lyell stands 
firm, stating: 

Mr. Darwin in the last edition of his Origin of 
Species has inclined toward adopting Mr. 
Croll’s theory of alternate glaciation and per- 
petual spring in the opposite hemispheres, on 
the ground that it would account for some of the 
anomalies in the distribution of animals and 
plants, by affording a refuge for tropical life 
during a period of extreme cold. 

But .... until we know what climate the 
countries now inhabited by tropical animals 
and plants were enjoying in glacial times it is 
premature to contend with imaginary difficul- 
ties as to the survival of forms which would have 
been extinguished if the snow and ice had been 
universal down to Lat. 55, even over one 
hemisphere at a time. 


Today, after seventy-five years of re- 
search and speculation, Lyell’s view of 
the problem still agrees with that of 
leading students of the Pleistocene, a 
tribute to the sagacity of the man to 
whom Darwin dedicated the second edi- 
tion of his journal’ of the voyage of 
“H.M.S. Beagle’ with his acknowledg- 
ment that “the chief part of whatever 
scientific merit this journal and the other 
works of the author may possess, has 
been derived from studying the well- 
known and admirable Principles of 
Geology.” 

5 Charles Darwin: Journal of Researches into the 
Natural History and Geology of the Countries Visited 


during the Voyage of H.M.S. Beagle Round the World 
(London: John Murray, 1852). 
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The Pleistocene Period: Its Climate, Chronology 
and Faunal Successions. By FREDERICK E. 
ZEUNER. London: Ray Society; sold by 
Bernard Quaritch, Ltd., 1945. Pp. xii+322; 
figs. 76. 46s. 


This book is “entirely concerned with the 
evidence for the relative and absolute chronol- 
ogy of the Pleistocene, for the various types of 
environment existing at certain times in certain 
areas, and with the evolution of the fauna in 
deposits of known age” (p. iii). Data on climatic 
and geographic changes and on stratigraphy are 
reviewed and marshaled into a relative, strati- 
graphic chronology of the Ice Age; the modern 
astronomic hypothesis of the Pleistocene gla- 
cials and interglacials is reviewed; and the rela- 
tive and the absolute chronologies are merged. 
The evolution of the modern mammals receives 
special attention. The treatment is essentially 
confined to the Old World. 

An introductory chapter is devoted to some 
principles of Pleistocene stratigraphy (pp. 1- 
29). The subdivisions of this age are primarily 
based on changes in climate (p. 2); and the evi- 
dence is supplied by till, moraines, and other 
glacial deposits, loess, frost phenomena, soils 
due to chemical weathering, river terraces, 
fauna, and flora. Because an advancing ice nor- 
mally destroys older glacial deposits, the forma- 
tions of the periglacial belt furnish more com- 
plete records (p. 28). These foundations of the 
relative chronology are lucidly though briefly 
discussed. 

Chapters ii-iv deal with the relative chronol- 
ogy proper (pp. 30-135). In northern Germany 
three separate glaciations are distinguished, 
viz., the Elster, Saale, and the Last Glacial, cor- 
responding to the Mindel, Riss, and Wiirm 
(p. 38). The Last Glacial probably included 
the Warthe, Weichsel, and Pomeranian 
stages. However, the age of the Warthe, which 
is comparable to the Iowan of North America, 
remains an unsolved problem (pp. 33, 35, 39)- 
In the Alps there may have been four main 
glaciations, as Penck and Briickner established 
in 1909, using glaciofluvial gravels: the Giinz, 
Mindel, Riss, and Wiirm (p. 41). Late studies 
are believed to prove that the Wiirm comprised 
three maxima; each of the others, two maxima 


(pp. 47, 48); but this is not conceded by Al- 
brecht Penck.' Besides, there appear to have 
been several pre-Giinz glacial ages. An attempt 
at correlating the major Pleistocene climatic 
ages in Scandinavia-Germany, the Alps, and 
North America is presented on page 53. 

The periglacial zone is the belt of frost 
climate surrounding an ice sheet (p. 55). While 
the modern periglacial zone coincides with the 
tundra, that of the glacials included also a pe- 
ripheral loess steppe belt which graded into the 
forest zone. The loess steppe was dry and cold, 
Its subsoil was permanently frozen, and its 
highest monthly mean was probably below 
10° C. (50° F.). The periglacial area, which was 
temperate during interglacials and _intersta- 
dials, has furnished the most complete record of 
the climatic variations during the Pleistocene 
(p. 56). Climatic fluctuations are recorded by 
river terraces within the zone (pp. 25, 56). Dur- 
ing the oncoming of a glacial the forests with- 
drew from high summits and ridges and frost 
action increased, supplying streams with an 
abundance of debris, which they carried down- 
valley. When the glaciation waned, the vegeta- 
tion grew denser and returned to higher levels, 
and the streams began to sink their beds in the 
deposits of the preceding cold age, converting 
them into terraces. The river terraces reveal at 
least eight cold ages, grouped in four pairs 
(p. 63). Climatic changes are also recorded by a 
succession of loess beds (cold and dry climate) 
and weathering soils (temperate and humid 
climate) (p. 64). In Germany there are at least 
two young loesses of the Last Glacial and three 
old loesses (p. 73). A correlation of periglacial 
river terraces and loess beds with glacial stages 
is suggested on page 79. 

The climatic chronology of northern France, 
based on loess and solifluction recording the 
glacials and on weathering indicating the inter- 
glacials and interstadials, has been correlated 
with low (glacial) and high (interglacial) sea- 
levels, respectively, which controlled the ter- 
races of the Somme River (pp. 92, 99). 

To sum up: In continental Europe the Last 


*“Die Strahlungstheorie und die geologische 
Zeitrechnung,” Zeitschr. d. Gessellsch. f. Erdkunde 2u 
Berlin, Jahrgang 1938, pp. 321-50; see p. 336. 
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Glacial comprised two main stages and region- 
ally a third stage. The two intermediate glacials 
each had two stages, and the earliest glacial two 
stages in the Alps, one stage elsewhere. The 
interglacials were mild (p. 99). This climatic 
succession, based purely on geological observa- 
tions, is called the detailed relative chronology 
(p. 100). 

Geographical separation, oceanic climate, 
and several centers of glaciation make it diffi- 
cult to establish a Pleistocene climatic chronol- 
ogy for the British Isles (p. 101). However, the 
till deposits seem to indicate three cold ages of 
the Last Glacial, two extensive glaciations 
which probably were correlatives of the Saale 
and the Elster, and two minor cold ages in Crag 
times which probably corresponded to the Giinz 
(p. 114). In the Thames basin buried channels, 
fillings, and abandoned terraces record glacials, 
interglacials, and interstadials which seem to 
correspond to similar stages on the Continent 
(pp. 133, 135). 

Chapter v, pages 136-65, is entitled “The 
Astronomincal Theory as the Basis of an Ab- 
solute Chronology of the Pleistocene.” The 
astronomical elements considered are the in- 
clination of the earth’s axis (the obliquity of the 
ecliptic; mean length of periodicity forty thou- 
sand years), the eccentricity of the earth’s orbit 
(mean length of periodicity ninety-two thou- 
sand years), and the longitude of the perihelion 
(precession of the equinoxes; mean length of 
periodicity twenty-one thousand years). For- 
mulas for calculating the secular changes of 
these elements were developed by the American 
astronomic mathematician J. N. Stockwell in 
1873, and the calculations were made by the 
German, Ludwig Pilgrim, in 1904. From Pil- 
grim’s determinations the Serbian mathemati- 
cian and physicist Milutin Milankovitch in 1920 
deduced the consequent secular fluctuations of 
the solar radiation received at the outer limit of 
the earth’s atmosphere; and in 1924, at the re- 
quest of the German climatologist Wladimir 
Képpen, he expressed the radiation changes on 
the latitudes 55°, 60°, and 65° N. during the 
summer half-year of the last six hundred and 
fifty thousand years in the form of latitudinal 
equivalents. Képpen interpreted Milankovitch’s 
radiation graph as a graph of the Pleistocene 
glacials and interglacials, and he correlated the 
glacials with the minima of summer radiation 
and the associated maxima of winter insolation. 

Later the Serbian astronomer V. Michko- 
vitch, using the formulas of 1843 of the French 
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mathematician U. J. J. Leverrier, duplicated 
Pilgrim’s calculations of the secular changes of 
the mentioned astronomical elements; and 
Milankovitch again calculated the correspond- 
ing radiation changes and constructed a graph 
of the summerly variations on latitude 65° N. 
(1930). The good agreement between this graph 
and that of 1924 based on Stockwell’s formulas 
is an important check. In 1930 and 1938 Milan- 
kovitch presented the calculated secular fluctu- 
ations of the radiation during the winter as well 
as during the summer half-year on latitudes 5°, 
15°, 25°, 35°) 45°» 55» 65°, and 75° N. and S. for 
the last six hundred thousand years (p. 146). 
While the amount of the annual solar radiation 
has fluctuated little through the ages, those of 
the caloric summer and winter half-years have 
varied considerably (pp. 145-49). Low summer 
solar radiation is accompanied by high winter 
radiation, and high summer insolation by low 
winter radiation. 

As stated, the equable oceanic ages of low 
summer and high winter radiation were already 
associated by Képpen in 1924 with the ages of 
ice expansion. This correlation was confirmed 
by the German climatologist Walter Wundt, 
who found that a reduction of the annual tem- 
perature range by 1° C. depresses the snow line 
by an amount of 78 meters (p. 152), and by 
Milankovitch, who showed that the height of the 
modern snow line in the different latitudes close- 
ly correlates with the summer radiation (pp. 
150-51). With cooler summers the melting of 
snow and ice decreased, and the snow line fell; 
and with milder winters the snowfall increased 
because of its being greatest near the freezing 
temperature, and the zone of maximum snowfall 
rose in altitude. This latter rise, together with 
the greater descent of the snow line, made the 
two levels approach each other or coincide, 
augmenting the snow available for glaciers 
(pp. 152-54). The magnitude of the climatic 
effects of the calculated fluctuations of the 
solar radiation is difficult to assess, but Zeuner 
modestly assumes that they lowered the snow 
line by 200-400 meters (pp. 152, 156). Of course, 
mountains are a primary condition for the de- 
velopment of glaciers in middle and lowlatitudes. 

Thus the mountains and the primary effects 
of the low summer and high winter radiation 
were insufficient to produce the large Pleistocene 
ice sheets. However, the glaciers and ice caps 
that did form further modified the climate in 
various ways. First and foremost, they caused 
an increase in the percentage of the solar radi- 
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ation which was reflected, for the albedo of snow 
and ice is about 80 per cent, while that of fields, 
pastures, forests, and lakes is, at most, 10 per 
cent. This self-increasing capacity of ice sheets 
has been especially investigated and stressed by 
Wundt, who has calculated that the increased 
reflection during the maxima of the Pleistocene 
glaciations caused a temperature lowering on 
the Northern Hemisphere of over 4° C. (p. 156). 
This corresponds to a depression of the snow 
line of 600 meters, which is to be added to the 
original depression of a few hundred meters. 

The ice sheets also brought about great 
changes in the air circulation: Glacial anti- 
cyclones formed and induced anticyclonic east 
winds, and the traveling cyclones were forced to 
take more southerly courses (pp. 156-58). 

Zeuner concludes that the Pleistocene glaci- 
ations and associated climatic conditions in 
Europe are adequately explained by the prin- 
cipal summer minima and winter maxima of the 
solar radiation and by the supplementary ef- 
fects of glaciers and ice sheets as they developed 
(p. 159). However, the Ice Age is not explained; 
for, although similar summer minima and win- 
ter maxima of insolation must have occurred 
periodically throughout the ages, the next pre- 
ceding continental glaciation occurred in the 
Permian, two hundred million years ago (p. 
161). The Pleistocene Ice Age apparently re- 
quired some exceptional conditions favorable 
for glaciation; and these might have been, 
Zeuner believes, a Tertiary-Quaternary lower- 
ing of the sea-level, probably caused by sinking 
of the ocean floors and uplift of parts of the 
continents (p. 165). 

Milankovitch’s graph of the summer insola- 
tion agrees well with the geological sequences in 
Europe, especially those worked out by Penck 
and Briickner, Eber], and Soergel (pp. 167, 170). 
The first extensive glaciation may have begun 
six hundred thousand years ago, and this date 
is taken by Zeuner as the demarcation line be- 
tween the Tertiary and the Quaternary (p. 175). 

Extension of the absolute astronomic chro- 
nology beyond the northern temperate zone 
meets difficulties, but Zeuner applies it for the 
Last Interglacial and the Last Glacial to the 
Mediterranean region (pp. 176-207). 

Since the secular course of the summerly 
solar radiation is determined in high latitudes 
mainly by the inclination of the earth’s axis, in 
low latitudes largely by the longitude of the 
perihelion and the eccentricity of the earth’s 
orbit,? it changes gradually from a periodicity 
of forty thousand years near the poles to one of 
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twenty-one thousand near the equator (pp. 149, 
216). The main radiation minima and maxima 
of high latitudes occur on the entire Norther 
Hemisphere, but additional ones appear in mid- 
latitudes and grow in prominence toward the 
equator. It is unknown whether or not the radi- 
ation changes can explain the geologic and 
climatic history of the tropical zone, for their 
effects on the tropical climates have not been 
studied (pp. 217, 219). As a consequence, the 
Pleistocene history of tropical Africa can be 
correlated with that of Europe only on a general 
paleontological basis (pp. 208, 215). 

Since the effects of the inclination of the 
earth’s axis are identical on the Northern and 
the Southern Hemisphere, but those of the 
longitude of the perihelion and of the eccentric- 
ity are reversed, and since, as just stated, the 
relative influence of these factors varies with 
latitude, the secular course of the summer radi- 
ation in the two polar hemispheres was almost 
identical in high latitudes, almost reversed in 
low latitudes, and different in mid-latitudes.: In 
the latitudes of the main Pleistocene glaciations 
the culminations of the summer minima in the 
Northern and Southern hemispheres were offset 
in time at most ten thousand years, which would 
have made long-lasting glaciations largely con- 
temporaneous. The climatic effects of the fluc- 
tuating summer radiation on the Southern 
Hemisphere are little known (p. 222). 

Chapter ix, pages 225-52, deals with the 
Pleistocene fluctuations of the sea-level and the 
world-wide extension of the absolute chronol- 
ogy. Melting of the existing ice caps and gla- 
ciers would raise sea-level 40 to 60 meters, so 
that any higher abandoned shorelines must in- 
volve at least some vertical crustal movements 
(p. 225). In different parts of the world there are 
five high Quaternary shorelines or sea-levels be- 
tween which there must have been relatively 
low ones (p. 247). The high sea-levels must be 
interglacial, the low ones glacial, as long held by 
glacialists (p. 248). The height of the old ter- 
races decreases progressively from the oldest at 
100 meters to the youngest at 7.5 meters 
(p. 246), a fact attributed by Zeuner to a con- 
tinuous slow sinking of the sea-level (p. 248). 
The principal terraces and erosion channels are 
described, correlated, and dated (pp. 246, 252). 
The high sea-levels are particularly important 

2 Milutin Milankovitch, ‘‘Astronomische Mittel 
zur Erforschung der erdgeschichtlichen Klimate,” 
Handb. der Geophys., Band g (1938), pp. 593-098; 
see p. 661. 


3 [bid., pp. 660 and 661. 
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fo. a world-wide correlation and, Zeuner hopes, 
for extension of the astronomical chronology 
over the globe. 

The concluding chapter, pages 253-78, 
treats the evolution of the mammals and of 
British land and fresh-water mollusks during 
the Quaternary. The composition of the faunas 
changed slowly by intrusion of newcomers and 
rapidly by a large-scale shifting with the en- 
vironment (p. 256). The environment changed 
as the climate varied in respect to general tem- 
perature, seasonal contrast, and precipitation. 
In an oceanic climate the succession was from 
temperate forest through subarctic forest to 
tundra; in a continental climate from warm- 
continental steppe through loess steppe to tun- 
dra. However, the animals adjusted themselves 
very slowly, for faunas fully typical of the men- 
tioned environments occur first in the Upper 
Pleistocene, that is, since the beginning of the 
Last Interglacial (p. 255). The most striking 
change in the mammal fauna was the increase 
of the cold component, which suggests a gradual 
adaptation to low temperatures (p. 274). This 
was brought about by migration and phyloge- 
netic evolution. Several lineages of ascent are 
given. Since the earliest and the latest forms in 
a lineage are distinct species, it appears that 
half a million years were required for the evo- 
lution of a new species (pp. 277, 278). 

Foremost among the many problems in this 
outstanding book is the absolute chronology of 
the Pleistocene. The modern hypothesis of the 
Pleistocene Ice Age employing the secular 
changes of the earth’s position relative to the 
sun—which may be called the Milankovitch- 
Képpen-Wundt hypothesis—contains three 
main steps, viz.: 

1. The Ice Age was made possible by a pre- 
glacial development of the most favorable con- 
ditions for glaciation since the Permian, and 
these conditions still prevail. The favorable 
changes included uplift of extensive and high 
mountain ranges in which glaciers could form, 
rise of continental shelves and submarine ridges 
so that these partly or practically excluded 
warm ocean currents from high latitudes, and 
lowering of the sea-level. The changes caused a 
temperature lowering. 

2. Glaciers grew into ice fields and initial ice 
sheets, i.e., extensive glaciation was started by the 
climatic conditions induced by the extreme 
minima of the summer radiation and the as- 
sociated maxima of the winter radiation, which 
were caused by certain, periodically recurring, 
positions of the earth in relation to the sun. 
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This was the most critical stage, for glaciers 
had to grow into effective refiectors of the solar 
heat, into small self-perpetuating ice sheets dur- 
ing the ten thousand to twelve thousand years 
that the periods of low summer and high winter 
insolation lasted. It thus depended on several 
factors and conditions whether or not the local 
glaciation developed into a continental glaci- 
ation. Some factors were: extent of glaciers and 
of sea ice at the onset of low summer insolation; 
the degree of change in the solar radiation; the 
time of beginning effectiveness of the expansion 
of the sea ice, of the reduction of the Gulf 
Stream water entering the Norwegian Sea, and 
of the reduction of the heat transport to high 
latitudes by the migratory cyclones; and the in- 
tensity of the summer radiation during the suc- 
ceeding cycle. Even though the present-day ice 
recession suggests that glaciers are very sensi- 
tive to climatic change, a primary decrease of 
the annual temperature range by several degrees 
centigrade may have been necessary (cf. pp. 
147, 149, 152). Thus, not every minimum of 
summer insolation, especially not the first one 
following upon an interglacial, need have been, 
or may have been, represented by ice sheets. 
For instance, there is no convincing evidence 
that ice sheets formed upon the radiation mini- 
mum 115,000 B.P. (before the present), though 
Zeuner so believes (pp. 53, 169). In America the 
Iowan glacial maximum, dated by G. F. Kay at 
55,000 B.P., followed the radiation minimum of 
72,000 B.P.; and the Mankato glacial culmina- 
tion, as estimated at 25,000 B.P., approximately 
coincided with the radiation minimum of some 
twenty-three thousand years ago. Furthermore, 
since the double minima of summer radiation 
which are correlated with the first three large 
glaciations are spaced only forty thousand to 
forty-three thousand years, since the formation 
of ice sheets may have required more or less 
than twenty-five thousand years, and since 
there must have been a very considerable lag of 
the growth and shrinking of the ice sheets 
(pp. 160, 168), the continental glaciations and 
the sea-level fluctuations need not have been 
doubled. 

3. The ice fields expanded into vast ice sheets 
with the help of secondary effects, especially 
cooling by the increasing reflection of the sun’s 
heat (Wundt). This occurred at least partly dur- 
ing somewhat stronger summer insolation than 
is received today. The growing ice sheets caused 
the development of glacial anticyclones and 
anticyclonic winds and deflected the migratory 
cyclones. The pack ice expanded to fill the 
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North Atlantic southward perhaps to Cornwall 
and the banks off Nova Scotia.4 Most drifting 
ice was carried westward on the north side of the 
mean storm tracks, but some reached the 
southerly belt of westerly winds and was trans- 
ported by the anticyclonic whirl toward south- 
western Europe and then south along the coast 
of Portugal. The Gulf Stream was deflected 
southward with the cyclone tracts until even its 
northeasternmost branches, now entering the 
Norwegian Sea, were incorporated in the clock- 
wise whirl. The glacial anticyclones and the 
southerly position of the Icelandic and Aleutian 
barometric lows favored low-index circulation 
(weak westerlies in the middle latitudes,’ during 
which strong cold waves penetrated exception- 
ally far south, but warm tropical air was carried 
only moderately far north. Therefore, while 
there is at present an enormous winterly impor- 
tation of heat to Europe by the migratory cy- 
clones and the Gulf Stream—the January tem- 
perature is on the Norwegian northwest coast 
20° C. (36° F.), in central Europe 8° C. (14.4° F.) 
above the means for the latitudes—there was 
then little if any heat importation, and as a con- 
sequence the winter temperature may at the 
time of the glacial culminations have been low 
enough for the observed glaciations. Also the 
summer temperature, which was reduced by the 
ice sheets, by drifting ice and chilly waters of the 
Atlantic, and by fogs, may ultimately have be- 
come sufficiently low to account for the Pleisto- 
cene glaciers in Ireland, Portugal, and south- 
western Yugoslavia which Penck® believed re- 
quired a primary reduction of the annual tem- 
perature of at least 8° C. (14.4° F.). 

These and other effects of the ice sheets as- 
sisted in spreading the glaciations and in creat- 
ing the climatic conditions of the glacials. 

The Milankovitch-Képpen-Wundt hypothe- 
sis of the Pleistocene Ice Age has a physical 
basis throughout and does not make unverifi- 
able assumptions of, for instance, a lowered or 
fluctuating solar constant. Extensive moun- 
tain building and a general cooling preceded the 
Ice Age. Secular changes in the earth’s solar 


4 See also G. C. Simpson, ‘World Climate during 
the Quaternary Period,” Quart. Jour. Roy. Met. 
Soc., Vol. LX (1934), pp. 424-78; see pp. 431-37; 
ibid., “Ice Ages,” Nature, Vol. CXLI, No. 3570 
(1938), pp. 591-98; ibid., Smithsonian Rept. for 1938, 
pp. 289-302. 

5C. G, Rossby, “The Scientific Basis of Modern 
Meteorology,” U.S. Dept. Agric. Yearbook 1941, 
PP. 599-655; see pp. 621-31. 

6 Pp. 333-35 and 347-48 of ftn. 1. 
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position occur and have been calculated and 
dated for the last one million years; and they 
influence the earth’s insolation and climate. The 
extreme minima of summer and maxima of win- 
ter insolation must have brought about at least 
a notable increase of glaciation; and the approx- 
imate coincidence of their dates and the esti- 
mated ages of the glacials suggests a causal re- 
lationship.? Secondary effects of ice sheets, some 
of them chain effects, are even at this early 
stage of their study known to have played an 
important part. Several independent as well as 
interrelated factors and causes rather than a 
few or a single one are in accord with the com- 
plexity of the climatic and geologic conditions 
and events of the Ice Age. For instance, wide- 
spread glaciation required primarily lower tem- 
perature in the British Isles and in the Scandi- 
navian mountains and heavier snowfall in the 
Labrador Peninsula; the last great (Mankato, 
Tioga) ice advance between the Pacific and the 
Mississippi River coincided with ice retreat in 
the northeastern states. This composite hypoth- 
esis has changed in important respects and de- 
veloped along new lines since first advanced by 
K6ppen in 1924, and it is in the stage of growth, 
It opens a wide and promising field of research. 

Zeuner’s endeavors to correlate the geological 
history or relative chronology of the Pleistocene 
with the history of the fluctuating summer in- 
solation therefore deserve serious and open- 
minded consideration. The probability that not 
every extreme minimum of summer insolation 
need have led to a continental glaciation and our 
inability as yet to appraise the several secondary 
effects of the ice sheets and the lag of expansion 
and of shrinking of the ice advise verification of 
details. Considerable study lies ahead. 

Zeuner has rendered a great service by his 
able investigation and treatment of these ex- 
ceptionally difficult fundamental problems of 
the Ice Age. 

ERNST ANTEVS 


Postglacial Forest Succession, Climate, and 
Chronology in the Pacific Northwest. By 
Henry P. HANSEN. Philadelphia: Transac- 
tions American Philosophical Society, Vol. 
XXXVII (Part I), 1947. Pp. 130; figs. 114. 
$2.25. 


7 Albrecht Penck and Eduard Briickner, Die 
Alpen im Eiszeitalter (Leipzig, 1909), Vol. III, 
p. 1168; and G. F. Kay, “Classification and Dura- 
tion of the Pleistocene Period,” Bull. Geol. Soc. 
Amer., Vol. XLII (1931), pp. 425-66. 
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Since Professor Hansen of Oregon State Col- 
lege began his western plant pollen studies in 
1935, he has examined most peat bogs and many 
other pollen-bearing sediments in Oregon, 
Washington, and northern Idaho, has described 
the pollen profiles, and has discussed their sig- 
nificance in a long series of papers. Now he has 
brought together his pollen data from some 
seventy sedimentary columns in a single vol- 
ume in which he treats the methodic, botanical, 
ecological, climatic, and geochronologic prob- 
lems and draws important conclusions. 

This review covers the chapters on geology, 
past climate, and geochronology (pp. 8-10, 
33-35, 108-22). Other subjects in the mono- 
graph are: history and theory of pollen analysis, 
pollen-bearing profiles of the Pacific Northwest, 
rate of organic deposition, methods and tech- 
nique, Climate of the Pacific Northwest, forests 
of the Pacific Northwest, characteristics of 
Pacific Northwest forest trees, and postglacial 
vegetation history. 

Most of the lake basins in which peat and 
other pollen-bearing deposits have accumulated 
in the Pacific Northwest were of direct glacial 
origin. Others were caused by damming of gla- 
cial streams, erosion by such streams, eustatic 
changes of sea level, and ponding of tributary 
streams by aggradation of the main valley. 
Still other basins were formed by landsliding, 
faulting, ponding by lava flows and beaver 
dams, and by severing of oxbows (pp. 8-19). 


Layers of pumice and volcanic ash in the 
columns have served as excellent correlation 
markers (pp. 3, 37, 38, 114, 118, 119). 


The culmination of the last continental 
glaciation, the Mankato, is given the usual age 
of 25,000 years, and the deposition of the pollen- 
bearing sediments resting on glacial drift is as- 
sumed to have begun some 18,000~-20,000 years 
ago. The age of the pollen records has been 
arbitrarily called the Postglacial. On changes in 
the forest composition, shown for the individual 
regions in a table, this Postglacial has been di- 
vided into these four climatic periods (pp. 4, 35, 
II3-I51: 

Period 
the present 
IV, cooler and moister 
III, maximum warmth 
and dryness 
II, increasing warmth 
and dryness 
I, cool and moist 
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During the last glacial maximum the snow 
line in the Cascades was depressed some 1,400 
meters (4,600 feet), according to Fritz Klute;? 
and the maxima of lodgepole pine and western 
white pine in the bottom layers of the sediments 
indicate cooler and moister climate than at any 
later time, but low percentage of pollen of boreal 
species suggests absence of tundra (p. 113). 

A distinctly warmer age a few thousand years 
ago is recorded in several regions of the north 
temperate zone, and it has been dated in Sweden 
and Denmark at about 8000-4000 B.P. (before 
the present). The terminal date is also calcu- 
lated from the historical salt contents in Owens 
Lake, California, and in Abert and Summer 
lakes, Oregon. This warm age was also dry in the 
western United States and is recorded not only 
by the forests of the Northwest but by deglacia- 
tion in the western mountains and by arroyo 
cutting and wind erosion in the Southwest (pp. 
4, III, 119). 

A return to cooler and moister climate some 
4,000 years ago is indicated in the western 
states by expansion of moisture-loving trees, 
rebirth of lakes and glaciers, filling of arroyos, 
and anchoring of dunes (pp. 119, 120). 

Hansen consequently reads in his pollen 
profiles the same main climatic trends, the 
same general climatic history as has been de- 
duced from various geological evidence in the 
western United States. Although no subordinate 
climatic variations seem to be recorded by the 
pollen profiles of the Northwest, there were 
surely in most regions additional fluctuations of 
several orders, that is, of different duration, 
amplitude, and geographic extent. Paul Sears 
and E. S. Deevey find that, for instance, in the 
northeastern United States the progressive 
dryness after the departure of the ice was bro- 
ken,and a moist age intervened next before the 
age of maximum warmth and dryness (pp. 110- 
12). In southeastern Arizona the age of general 
deposition which began about four thousand 
years ago was temporarily interrupted by 
drought-induced erosion about the time of 
Christ and about A.D. 1300, Natural erosion 
would perhaps have set in again during the dry 
1930’s, had not overgrazing started artificial 
erosion in 1883. As knowledge increases, more 
climatic fluctuations and regional differences 
will be recognized, the latter mainly in precipita- 
tion and moisture. 

It was to enable long-distance correlations in 


*“TDie Bedeutung der Depression der Schnee- 
grenze fiir eiszeitliche Probleme,” Zeitschr. f. 
Gletscherkunde, Vol. XVI (1928), pp. 70-93; see p. 75. 
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spite of such subordinate regional differences 
that Lennart von Post and I independently 
singled out the predominant and most wide- 
spread climatic change for time division of the 
Postglacial, namely, the rise, culmination, and 
fall of the temperature (pp. 109-11). In making 
correlations, it must be realized that peripheral 
regions were released from the ice sheets tens of 
thousands of years before central ones and that 
all the regions have had remarkably similar cli- 
matic histories despite the unequal lengths of 
time involved. Most correlations have to be 
made on a differentially sliding time scale (pp. 
III, 112). 

Hansen’s monograph is the most comprehen- 
sive study of pollen profiles and related prob- 
lems carried out in North America; it is ably 
done and beautifully illustrated. 


Ernst ANTEVS 


Charles Darwin and the Voyage of the Beagle. 
Edited with an Introduction by Nora BaAr- 
Low. Philosophical Library, 1946. Pp. 279; 
frontispiece; pls. 15; and map. $3.75. 


This volume, compiled by a granddaughter, 
begins with a brief biography of Darwin’s life to 
the age of twenty-one when, in 1831, he em- 
barked on H.M.S. “Beagle,” a sailing vessel of 
two hundred and forty-two tons and ten guns, 
as naturalist. At that time he appears to have 
been somewhat neurotic, totally lacking in am- 
bition and completely dominated by the over- 
powering personality of his well-to-do father, 
who gave reluctant permission for the son to go 
adventuring only upon the intercession of an 
uncle, who argued that “‘the pursuit of Natural 
History, though certainly not professional, is 
very suitable to a clergyman.” 

Darwin’s formal education seems to have 
been completely wasted—the classics and an- 
cient history, medicine at the University of 
Edinburgh, and preparation for the clergy at 
Cambridge. Much of his spare time, however, 
had been devoted to the hobby of ‘Natural His- 
tory” which was his only serious interest, but 
even this was not permitted to interfere with 
such pleasures as partridge shooting on the 
estate of relatives. His appointment (he re- 
ceived no salary and was obliged to pay his own 
expenses) was secured through the intercession 
of friends and was also influenced by the prej- 
udice of the vessel’s captain who refused to 


all 
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“take anyone, however good a naturalist, who 
was not recommended to him, likewise, as a 
gentleman.” Altogether, young Darwin appears 
to have been a not too promising choice, and he 
certainly was singularly unprepared for such an 
undertaking. 

The main portion of the book is divided inte 
two nearly equal parts. The first consists of 
thirty-eight letters mostly written to his sisters 
in England and mainly unpublished previously, 
The letters are largely devoted to personal mat- 
ters and briefly describe some of his impressions 
and activities principally in South America. 
They are of most interest because here and 
there they give hints of his gradual maturity, 
increasing self-reliance, and the steady growth 
of his interest in natural history and especially 
geology. Obviously, he returned home after five 
years a different man with a serious purpose in 
life that previously had been lacking. 

The second part consists of a selection of 
more or less indiscriminate extracts from 


twenty-four field notebooks in which Darwin 
jotted down his observations on all subjects. 
These notebooks have not been published, but 
they furnished the basis for his Journal, which 
appeared in several editions, and the three- 


volume account of his geological studies. The 
extracts from these notes are connected by com- 
ments and interpretations by the compiler. 
Many of them are so abbreviated as to be al- 
most unintelligable to the reader, and the dis- 
continuity of the subject matter is so great as to 
suggest that Darwin’s observations were all 
made in the most hit-or-miss fashion. The In- 
troduction states that the notes are largely geo- 
logical and that from half to nearly nine-tenths 
of the entries in different books are devoted to 
this subject. Perhaps because the compiler had 
little or no knowledge of geology, these parts 
have been slighted in the selection, and thus 
what may have been his most significant obser- 
vations have been omitted. 

This book is neither a very interesting nor 
important contribution to Darwiniana, and 
similar writings of a lesser man could never find 
a publisher. It contains little that is not better 
presented in Darwin’s own volumes or in the 
previously published Darwin letters. Illustra- 
tions consist of fifteen plates of rather poorly 
reproduced drawings, a portrait of Darwin and 
one of his sisters as children, and a map showing 
the route travelled by the “Beagle.” 
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